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Conference programme

Monday, August 23

8:45-9:00 |

Opening and Introductory remarks by P. V. Wright

ORDERED STRUCTURES

chairperson: P. V. Wright

9:00 - 9:45

Conductivity and Structure of Crystalline Polymer Electrolytes
P.G. Bruce, Y_Andreev

Lithium Jon Conducting Channel as Solid-State Electrolytes

9:45 - 10:30 L. G. Scanlon, L. R. Lucente, W. A. Feld, G. Sand{, P. Balbuena, A. Turner

10:30 - 10:50 Study of Ion Conduction Mechanism in Ordered Poly(Ethylene Oxide) Based Polymer Electrolytes
) ’ E. Livshits, R. Kovarsky, D. Golodnitsky, E. Peled

10:50 - 11:10 | Polymer Electrolyte Single-Ion Conductors with Decoupled Li* Motion
) ) A. M. Mayes, S.W. Ryu, S. Kumar, Y. Shao-Horn

11:10 - 11:30 Coffee

MODELLING chairperson: A. M. Mayes

1130 - 12:15 | MPD Simulation of the Crystalline Short- and Long- Chain Systems (LiPE), , o(Li,SiF, ), «PEO,
CETe D. Brandell, |. Thomas, H. Kasemiigi, A. Liivat, A. Aabloo

12:15 - 12:45 Molecular Modelling Studies of Polymer Electrolytes for Power Sources
T P._B. Balbuena, E. J. Lamas, Y. Wang

12:45 - 13:15 | Ab initio Studies on Complexation of Anions to Neutral Species
’ ) P. Johansson, P_Jacobsson

13:15 - 1335 Modelling Defect- Assisted Conductivity in Organic Ionic Plastic Crystals
’ ) A.J Hill, 8. ]. Pas, M. Forsyth, D. R. MacFarlane

13:45 - 14:45 Lunch

NEW POLYMER ARCHITECTURE

chairperson: J. Thomas

Improved Lithium Ion Transport in Polyelectrolytes

16:30 - 17:15 M. Forsyth, N. Byrne, C. Tiyapiboonchaiya, P. Howlett, D. R.MacFarlane
Synthesis, Molecular Structure, Microphase Stability And Conduction Mechanism in Solvent-Free
17:15-17:35 | Low-Dimensional Copolymer - Li Salt Systems with High Ambient Conductivity
J. Liu, Y Zheng, Y-P. Liao, G. Ungar, P. V. Wright
17:35 - 17:55 Polymer-in-Salt Electrolytes Based on Acrylonitrile and Butyl Acrylate Copolymers
) i E. Zygadlo-Monikowska, Z. Florjanczyk, W. Wieczorek, N. Langwald, A. Tomaszewska
17:55 - 18:10 ) Coffee

NEW POLYMER ARCHITECTURE continued

chairperson: L. G. Scanlon

New Insights into Structural and Electrochemical Properties of Anisotropic Polymer Electrolytes

18101840 | p Golodnitsky, E. Livshits, R. Kovarsky, E. Peled, 5. H. Chung, 5. Suares, S, Greenbau
18:40 - 19:00 Polymer Electrolytes Based on Poly(N-Ethylethylenimine) and Poly(N-Methylethylenimine)
) ’ R. Frech, G. A. Giffin, R. Sanders, J. Eisenblitter, D. T. Glatzhofer
19:00 - 1920 Lithium Migration Property of Phase-separated Polymer Gel Electrolyte
TR Y. Saito, K. Hirai, T. Sakai, S. Murata, K. Kii
19:45 Dinner (BBQ)

9th International Symposium on Polymer Electrolytes




Tuesday, August 24
IONIC LIQUIDS chairperson: M. Forsyth
9:00 - 9:45 Ionic Liquids as New Salts for Polymer Electrolytes; the Scope and Prospects
945 - 10:15 Tonic Solids - a New Class of Fast lon Conductors
) : L Adebalir, D. R. MacFarlane, M. Forsyth
10:15 - 1035 Development of Polymeric Gel Electrolytes Containing Magnesium Salt and Ionic Liquid
’ ' N. Yoshimoto, T. Shirai, M. Morita
10:35 - 10:55 Ton Transport Properties of Lithium Ionic Liquids and Jon Gels
) ) H. Shobukawa, H. Tokuda, M. Watanabe )
NMR Studies on Diffusion of Individual Tons of Lithium-salt doped Room Temperature lonic
10:55 - 11:15 | Liquids correlating with the Ionic Conductivity
K. Hayamizy, H. Nakagawa
11:15 - 11:35 Coffee
OPTICAL PROPERTIES chairperson: D. Golodnitsky
11:35 - 12:05 Bringing Light to Polymer Electrolytes: the Light-Emitting Electrochemical Cell
: : L Ed
12:05 - 12:35 Electrochromism in Visors and Goggles, Electrolytes for Electrochromic Applications
: : Ls
Polymer Electrolyte with Large Temperature-Dependent Conductivity for Novel Electrochromic
12:35 - 12:55 | Imaging :
i, M. Nishimura, H. Ohtomo
13:15- 14:15 Lunch
NEW POLYMER ARCHITECTURE continued chairperson: A. Reiche
16:00 - 16:20 Polyacrylonitrile-Molybdenum Disulfide Polymer Electrolyte Nanocomposites
i " G. Gonzdlez, E. Benavente, M. A. Santa Ana
16:20 - 16:40 Influence of the Plasticizer Contents on the Properties of HEC Based Solid Polymeric Electrolytes
' : G.0. Machado, H.C.A. Ferreira, A. Pawlicka '
Solid Polymer Electrolytes Prepared From a Hyper-Branched Graft Polymer Using Atom Transfer
16:40 - 17:00 | Radical
M, Higa, Y. Fujino, T. Koumoto, R. Kitani, S. Egashira
1700~ 1915 POSTER SESSION
19:45 ) Dinner (BBQ)
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Wednesday, August 25
COMPOSITES chairperson: M. Watanabe
9:00 - 9:30 Synthesis and Electrochemical Characterization of Novel Nanocomposite Polymeric Membranes
. i G. Sandi, R. Kizilel, K. A. Carrado, N. Castagnola
9:30 - 10:00 Modelling of Conductivity in Composites with Random Resistor Networks
i ’ M. Siekierski, K. Nadara
10:00 - 10:20 Nanocomposite Polymer Electrolytes Based on Poly{oxyethylene) and Cellulose Nanocrystals
: i E Alloin, M. A. S. Azizi Samir, W. Gorecki, A. Dufresne, ].-Y. Sanchez
Effect of High Pressure CO, on the Structural and Electrical Properties of ORMOCERS-APE Sys-
10:20 - 10:40 | tems Based on Zr and AL
V. Di Noto, K. Vezzii, M. Vittadello, S. Lavina, A. Bertucco
10:40 - 11:00 Coffee )
COMPOSITES continued chairperson: R. Frech
11:00 - 11:20 Increasing lithium ion in electrolyte materials through the use of additives
: i N._Byrne, J.M. Pringle, C. Tiyapiboonchaiya, D. R. MacFarlane, M. Forsyth
Determination of the lithium transference number in PEO-DME-LiClO4 modified with alumina
11:20 - 11:40 | powder of different surface acidity.
M. Ciosek, M. Siekierski
Properties of Highly Pigmented Electrolytes with Large Porosity for Rechargeable Li-Polymer
11:40 - 12:00 | Batteries
L. Schulz, M. Popall, B. Olsowski, C. Cronauer
12:00 — 12:20 Facile Preparation of Organoboron-based lon Conductive Polymers
: : T Mizumo, K. Sakamoto, N. Matsumi, H. Ohno
12:20 - 12:40 Model Composite Polymer Electrolytes Containing Triphenylborane
’ ’ M. Marcinek, G. Z. Zukowska, W. Wieczorek
13:00 Lunch and EXCURSION
r
20:00
Binner

9th International Symposium on Polymer Electrolytes _ .5.
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Thursday, August 26

METHODS

chairperson: S.H.Chung

NMR Studies of Mass Transport in Polymer Electrolytes for Batteries and Fuel Cells

9:00 - 9:45
S. G. Greenbaum
0:45 - 10:05 Quantitative Infrared Studies of PEO Based Electrolytes
’ ’ [E. Furneaux, A. M. McCoy, V. Seneviratne, R. Frech
10:05 - 10:25 Radiotracer Diffusion and Ionic Conduction in the Polymer Electrolyte PEO,;Nal
X i S. Obeidi, B. Zazoum, N.A. Stolwijk
Relaxation of Jons and Dipoles in LiTFSI Salt-in-Polymer and Polymer-in-Salt Electrolytes
1025 - 10:45 | L R. Dygas, M. Marzantowicz, F. Krok, A. Lasinska, Z. Florjanczyk,
A. Affek, E. Zygadlo-Monikowska
Free Volume and Conductivity in Polymer Electrolytes: A Temperature and Pressure Dependent
10:45 ~ 11:05 | Study
S. 1 Pas, M. D. Ingram, K. Funke, A. J. Hill
11:05 - 11:25 Coffee

PROTON CONDUCTORS & FUEL CELLS

chairperson: S. G. Greenbaum

Overcoming performance limitations of membrane-electrode assemblies for direct methanol fuel

11:25-12:10 | cells

P. Zelenay

NMR Studies of Mass Transport in High Acid Content Fuel Cell Membranes Basedon
12:10 - 12:30 | PBI/Phosphoric Acid

S.H. Chung, L. Durantino, JR.P. Jayakody, H. Zhang, L. Xiao, B. Benicewicz, S.G. Greenbaum

12:30 - 12:50

Proton Conductors for Low Humidity Conditionis
T. Rager, M. Schuster, A. Noda, K.-D. Kreuer, ]. Maier

12:50 - 13:10

Bronsted Acid-Base Jonic Liquids and Ion Gels as Proton Conducting Nonaqueous Electrolytes

Md.A. B, H. Susan, A. Noda, M. Watanabe

13:10 - 14:00

Lunch

PROTON CONDUCTORS & FUEL CELLS continued

chairperson: V. Di Noto

16:30 ~ 17:00

Inorganic-Organic Hybrid Protonic Polymeric Materials for Fuel Cells Based on Polycondensed
and Organically Cross-Linked Sulfonyl- and Styrene Functionalized Alkoxysilanes
S. Jacob, C. Poinsignon, M. Popall

17:00 - 17:20

Prediction of Methanol and Water Fluxes Through a Direct Methanol Fuel Cell Polymer Electrolyte
Membrane
S.8. Sandhu, R.O. Crowther, LP. Fellner

17:20 - 17:40

A Spectroscopic Study of Proton Conducting Polymer Membranes Based on PVDF/PAN Blends.
A Martinelli, A. Matic, P. Jacobsson, L. Borjesson, M. A. Navarra, S. Panero, B. Scrosati

17:40 - 18:00

Coffee

PROTON CONDUCTORS & FUEL CELLS continued

chairperson: M. Popall

18:00 - 18:20

Stability Study of PEMFC Ionomers through Model Molecules Mimicking Polymer Repeat Units
M. Maréchal, J. Guindet, J.-Y. Sanchez

18:20 - 18:40

Synthesis and Structural Characterization of Two New Siloxanic Proton Conducting Membranes
V. Di Noto, M. Vittadello, S. Lavina

18:40 - 19:00

The Influence of The Solvent Composition on the Viscosity, Glass Temperature and Vibrational
Spectra in PC-H,PO, Anhydrous Electrolytes
G.Z. Zukowska, K. Nadara, K. R. Jeffrey, . R. Stevens

20:00

Conference banquet

oth International Symposium on Polymer Electrolytes




Friday, August 27

APPLICATIONS chairperson: Z. Florjariczyk
9:00 - 9:45 From Plastic Li-Ion to Plastic Li Metal Cells Operating at Room Temperature
) ) L. Sannier, R. Bouchet, M. Chami, S. Grugeon, J-M. Tarascon
9:45 — 10:05 Proposal of a New Actuator Using Jon Gel Driven at Low Voltage under Atmospheric Condition
T S. Nanjo, M. Watanabe
10:05 - 10:35 Recent Development of ENEA Lithium Metal Battery Project
: i W. H. Henderson, ].H. Shin, G. B. Appetecchi, F. Alessandrini, S, Passerini
Research and Development of All-Solid-State Lithium Polymer Batteries - Degradation Analysis
10:35 - 10:55 | and Fabrication of High-voltage, High-capacity batteries
S. Seki, Y. Kobayashi, H. Miyashiro, A. Yamanaka, Y. Mita, T. Iwahori
10:55 - 11:15 ) Coffee
APPLICATIONS continued chairperson: F, Krok
11:15 - 11:45 Dip-coating of battery materials by deposition of nanoparticles on polymer-conditioned surfaces
. ' L Besenhard, A. Basch, B. Gollas, J.-H. Han, K. Leitner, K.-C. Miller, M, Winter
11:45 - 12:05 Cellulose Derivatives as Lithium Ion Conductor
i ' M. Chelmecki, W. H. Meyer, G. Wegner
Electroanalytical Characterisation of Nonaqueous Proton Conducting Gel Containing
12:05 - 12:35 | Dodecatungstophosphoric Redox Centres for Applications in Supercapacitors
P. I Kulesza, A. Lewera, G. Z. Zukowska, W. Wieczorek, M. Chojak, K. Miecznikowski
12:35-12:45 CLOSING
13:00 - 13:45 Lunch

9th International Symposium on Polymer Electrolytes




.8. 9th International Symposium on Polymer Electrolytes




10.
11.

12.
13,
14.
15,
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CONTENTS

LECTURES
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Conductivity and Structure of Crystalline Polymer Electrolytes

Peter G. Bruce and Yuri Andreev
School of Chemistry, University of St. Andrews, KY16 9ST Scotland, UK
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A number of structures of crystalline polymer
electrolytes have been solved with the help of the
simulated annealing method for ab initio structure
determination from powder diffraction data [1].
Establishing  the  structures of  poly(ethylene
oxide)g:LiXFg, X=P, As, Sb [2-3] led to the recent
discovery that ionic conduction can occur in the
crystalline phase of these materials [4-5]. This
challenged the established view that conduction
occurred exclusively in amorphous materials above
their glass transition temperature and that crystalline
complexes were insulators. The 6:1 crystalline
complexes mentioned above not only conduct but do so
better than the analogous ach)/r:ghous phases [4] (Fig.1).
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Fig. 1 lonic conductivity of crystalline
(squares) and fully amorphous (circles)
phases of P(EO)4:LiSbFg

The conduction mechanism in amorphous
polymer electrolytes relies on relatively slow local
solvent reorganization (segmental motion) which limits
the level of conductivity that can be achieved. Indeed,
despite strenuous efforts, the maximum conductivity
(10 Sem’ at 25°C) in such amorphous polymer
electrolytes has remained too low for many
applications. In contrast relatively higher conductivities
may be possible for crystalline systems.

Further investigation of the crystalline
materials has shown an increase in ionic’ conductivity
with reduction of molecular weight of the crystalline
polymer electrolyte.
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Although the pure 6:1 crystalline complexes
are interesting because they support ionic conductivity,
the level of conductivity is not high! However, we have
found that it is possible to raise the conductivity to a
significant degree by modifying the 6:1 complexes.
Various strategies will be discussed. For example
replacing a proportion of the LiXF; salt with a different
Li salt leads to conductivity 2 orders of magnitude
higher, Fig.2. By modifying the system still further, yet

higher conductivities may be achieved.
Ti°C
80 80 40 0 20 10

as .
L
0 L
o a8 "ny
E e
& S0
3 "o
& as .,
A .
¥ '...
a8 ®e
40

3 a 33 34 258

1000 77! /K
Fig. 2 Tonic conductivity of pure (circles) and
doped (squares) P(EO)q:LiAsFg.
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Theoretical calculations have been used in the
development of a lithium ion conducting channel as a
solid-state electrolyte for rechargeable lithium batteries.
Results of ab initio and molecular dynamics
calculations illustrate the importance of molecular self-
assembly in channel formation based on a large array of
molecules of dilithium phthalocyanine (Li,Pc). Four
calculated crystalline structures, as possible candidates
for the ionically conducting channels, are compared to
experimental X-Ray spectra of Li,Pc. These same

Molecular Dynamics Calculations
Lithium chain along the [5,5,7] direction
Li-Li:584-688A

“TeTCell Tnternal Components
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structures are to be considered for explaining the
irreversible structural change of LiPc at 200°C as
demonstrated through small angle X-ray scattering. In
addition, the importance of an asymmetric structure will
be discussed in terms of facilitating ionic connectivity
between LiPc and a solid-state MnO, cathode.
Experimental cyclic voltammograms will be shown
which demonstrates that Li;Pc functions as a solid-state
lithium ion conducting channel.
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Introduction

The possibility of using polymer electrolytes (PE), as
the basis of high energy-density batteries was first
recognized by Armand about two decades ago and is a
driving force behind the research performed on these
materials. Most of the research on new potymer
electrolytes has been guided by the principle that ion
transport is strongly dependent on local motion of the
polymer in the vicinity of the ion. In contrast to this, it
has been recently shown by us that ionic conductivity in
the static, ordered environment of the crystalline phase
can be greater than that in the equivalent amorphous
material above the glass transition point. In this work
we present the effect of salt anion on the mechanism of
ion transport in semicrystalline and amorphous PEs.

Experimental

The electrolytes were prepared from poly(ethylene
oxide) (P(EO)) with incorporation of different lithium
salts by casting from acetonitrile solution on teflon tray.
All handling of PEs took place under an argon
atmosphere in a VAC glove box with water content <
10 ppm. A high precision compact-load Motorized
Horizontal Test Stand MH-100BA tester for tensile
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strength measurements was used for stretching the
polymer electrolyte films.

Results and discussion
In all the electrolytes studied, including semicrystalline
complexes of poly(ethylene oxide) (PEO) with different

salts, such as, lithium jodide, lithium
trifluoromethanesulfonate ~ (LiTF) and  lithium
trifluoromethanesulfonimide ~ (LiTFSI),  stretching

induced longitudinal DC conductivity enhancement was
observed, in spite of the formation of more ordered
polymer electrolyte (PE) structure. It was found that the
more amorphous the PE, the less its lengthwise
conductivity is influenced by stretching. The results of
our investigation suggest that ionic transport occurs
preferentially along the PEO helical axis, at least in the
crystalline phase, and the rate-determining step of the
lithium ion conduction in Lil:P(EO)y, LiTF:P(EO)
and LiTFSL:P(EO);s polymer electrolytes below T, is
“interchain” hopping. As it was expected there is an
influence of stretching rate on conductivity
enhancement: the higher the stretching rate of PE the
lower the conductivity enhancement.
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Introduction

At high discharge rates, lithium batteries fitted with
“dry” polymer electrolytes suffer from reduced
capacities arising from gradients in salt concentration
that form in the electrolyte, causing mass transfer
overpotential. One strategy to address this problem is to
employ a single-ion conductor as the electrolyte. By
tethering the counterion to the polymer backbone, salt
concentration gradients can be eliminated, and the full
current carried by mobile lithium cations. This gain in
Li transference number is typically accompanied by a
drop in the A.C. conductivity, however, due to strong
ion pairing interactions,

Improving the performance of single-ion
polymer electrolytes requires a means to promote
charge dissociation, thereby enhancing Li* mobility.
One approach is to employ bulky, low charge density
counterions. For example, Florjanczyk et al. reported
significant enhancements in the conductivity of single-
ion gel polymer electrolytes by incorporating BF;,
which complexed with the carboxylate anions of the
polymer network [1]. Recently, we demonstrated that
equivalent charge separation could be achieved by
spatially isolating the carboxylate counter ion in a
secondary polymer domain adjacent to the ion-
conducting (PEO-based) domain, using self-assembling
block copolymer electrolytes of tailored molecular
architecture [2]. Still, room temperature conductivities
for these materials remain in the range of 10 S/cm.

It appears that further enhancement in
conductivity for “dry” macromolecular Li* conductors
may require structures that encourage both ion
dissociation and lithium ion motion that is decoupled
from the local segmental motions of the PEO chains. In
a series of recent papers [3], Wright and coworkers
reported room temperature conductivities up to 10
S/em for electrolytes incorporating an amphiphilic,
PEO-based copolymer component doped with LiClO,
or LiBF,. Alkyl side chains of these copolymers induce
self-assembly, thereby generating fast conduction
pathways for Li*. Interestingly, the high reported
conductivities are obtained only after thermal cycling,

Inspired by the work of Wright, we have
undertaken the development of a self-assembling
amphiphilic copolymer electrolyte that exhibits single-
ion conduction and Li* motion decoupled from the PEO
segmental dynamics. This paper will report our initial
results of this effort.

Experimental
An amphiphilic, self-assembling single-ion polymer
electrolyte was made by free radical copolymerization
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of methacrylic acid and a methacrylate macromonomer
of oligo(ethylene oxide) end-capped with octadecane,
followed by lithiation. Some systems were complexed
with BF; to enhance ion dissociation. Conductivities
were measured by impedance spectroscopy as a
function of temperature, Wide-angle and small-angle x-
ray scattering (WAXS and SAXS) and differential
scanning  calorimetry (DSC) were employed to
characterize morphology.

Results and discussion

Conductivity data for a single-ion conductor complexed
with BF; and having a Li:EO ratio of 1:17 are shown in
the figure below, for 6 heating-cooling cycles. While
initial conductivity is quite low at room temperature
(~10® S/cm) and strongly temperature dependent, upon
cooling, a hysteresis in the conductivity is seen, with
little temperature dependence, similar to the findings by
Wright [3]. A steady increase in conductivity is found
with further thermal cycling, achieving a value of >10°
S/em at room temperature after 6 cycles.

Conclusions i

The amphiphilic single-ion conductors show substantial
promise as new electrolyte materials for battery
applications involving high-current densities. Ongoing
work aims to uncover the origin of the conductivity
hysteresis. This work was supported by ONR grant no.
N00014-02-1-0343.
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Introduction

It has been found that significantly increased Li-ion
conductivities are obtained in the crystalline systems
LiXFsPEO; for X = P, As and Sb if the monovalent
anions are partially substituted by some divalent anion;
typically, SiF, e.g., [1]. Moreover, crystal structures
have been published for the unsubstituted systems,
showing them to involve cylindrical channels, each
comprising pairs of hemi-helical PEO chains [2-3].
These channels are found to host the Li ions, while the
XFs ions occupy the interchain space. These various
structure determinations and conductivity measurements
used a range of different PEO chain-lengths in the MW-
range 500-100.000. On the basis of these experiments,
we have embarked upon a series of MD simulations to
explain this enhancement of ionic conductivity in the
SiFéz'-doped system, and to shed some light on the
effect of methy! chain-termination in these materials.

The calculations

Molecular dynamics (MD) simulations have been made
of the systems LiPF¢.PEQg, both for infinite PEO chains
and for methyl-terminated polymer chains of MW ca.
1100 (~22 EO units). Simulations have also been made
for the corresponding SiFs*-doped system, charge-
compensated by the insertion of extra Li* ions. Simul-
ations have also been made under imposed electric field
to reproduce the situation experienced by the electrolyte
in a battery application. These simulations have used
periodic boundary conditions and an Ewald summation
to treat long-range electrostatic forces. Each simulation
has involved an equilibration period of 200ps at
constant volume (NVT thermostat), followed by an NpT
simulation for a sampling period of 1ns.

All simulations have been made on our local PC-
Wulfkit cluster comprising 4 Pentium III’s and 4 Athlon
MP 2000+ double-processor nodes, using the software
package DL_POLY,

Results and discussion

Our simulations have revealed the same modes of Li-
ion hopping along the hemi-helical channels in
LiPFs.PEO; as were seen in earlier simulations [4], and
supported by Stoeva ef al. [5]. The lithium ions move
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through four-fold coordination sites in the double hemi-
helix. It is shown that the dynamics of the PEO chain is
intimately coupled to lithium-ion motion. Chain-ends
are also seen to influence jon mobility in the undoped
compound.

The ionic conductivity in the system is also greatly
influenced by doping with a divalent anion; the inter-
stitial Li ions giving rise to enhanced ion mobility. The
effect of the methyl end-groups in the low MW PEO
system is also analyzed. They are shown to play a
decisive role in controlling Li-ion hopping between
different chains.

Surprisingly, we have been unsuccessful in accurately
reproduce the detail of the published crystal structures
[3]. Generally, our simulations exhibit a higher lithium-
oxygen coordination number, which would suggest a
polymer backbone configuration somewhat diffrent
from that determined by diffraction. This can be related
to the fact that the derived experimental models neglect
chain-end effects, and/or that our MD potentials are
inadequate in describing the rather unusual polymer
conformation found at some points along the PEO
chains in this system.

Conclusions

Although clear discrepancies are found between the
results of the earlier diffraction study of the LiPF¢PEQ;
structure and our MD simulation, these differences can
be rationalised in terms of neglect of the effect of chain-
ends and the use of inadequate polymer potentials. The
enhancement effect of divalent-anion doping on the Li*
transport mechanism has also been demonstrated.
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Introduction

Understanding the mechanisms of ionic and molecular
transport in polymer electrolyte phases is crucial for the
development of improved power sources. Here we
consider two systems of current interest: transport of
oxygen and protons through hydrated nafion in the
vicinity of a catalyst phase, and ionic transport in a
polyphosphazene membrane that should be a good ionic
carrier but a bad water carrier.

Theoretical methods such as density functional theory
and molecular dynamics simulations permit us to
elucidate details of ionic and molecular transport which
can be used for the design of alternative membranes
and/or devices.

Theoretical

We use density functional theory calculations on
representative models of the systems to determine the
force field parameters (bond lengths, charges, force
constants) for classical molecular dynamics (MD)
simulations. The MD simulations provide information
about structural and dynamical properties of systems
involving thousands of atoms,

Results and discussion

The conformation of the nafion membrane over Pt
nanoparticles deposited on a .carbon substrate is
examined under various degrees of hydration.
Similarly, the water structure in this restricted
environment is closely analyzed and its diffusivity is
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calculated and compared with those of bulk water and
water diffusing in a polymer medium. In addition, we
calculate the diffusion of O, through the hydrated
nafion medium, and especially the possible mechanisms
of transport in the cathode side of low-temperature fue!
cells.

In a second study, we investigate the transport of
lithium ions through polyphosphazene membranes. We
are mainly interested in determining the competition of
adsorption of lithium jons on membrane sites with
lithium hydration. The possible existence of contact jon
pairs, solvent-separated and solvent-shared ion pairs, is
thoroughly investigated.

Conclusions

It is found that Nafion interacts strongly with the
catalytic metal nanoparticles directing the side chain
towards the catalyst surface. The flow of oxygen is
observed to take place through the hydrophobic sites of
the membrane. Water adopts a well-ordered structure on
the exposed pgraphite surface and solvates the
hydrophilic sites of the membrane.

In the polyphosphazene membranes, ether-oxygen and
nitrogen atoms of the membrane compete with water
oxygen atoms for binding to the lithium jons. At
conditions of slat concentration and humidity expected
for lithium-water batteries, it is found that the nitrogen
atoms are the strongest adsorption points to bind lithium
ions.
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Introduction

Various ways to enhance the ion conductivity of non-
aqueous electrolytes and especially solid polymer
electrolytes have been explored. Special focus should be
put on increasing the low cation transference numbers,
which are major obstacles for real battery applications.
The origin of the low cation conductivity is to be found
in the way the salt is solvated — by the cation
coordinating strongly to the functional groups of the
polymers (e.g. the ether oxygens of PEO). As a new
concept aiming at increased ion conductivity as well as
increased cation transference numbers we tentatively
suggested anion encapsulation {1]. This uses the host-
guest scheme to create supermolecules, traditionally
used for cation guests (e.g. crown ethers), but here with
anion guest species and neutral hosts based on oriented
dipoles. Here we present a more thorough study of
differently sized neutral host molecules with and
without anion guests. In order to accomplish this we use
neutral cryptand molecules e.g. the (H;BN){(CH,).]s,
(n=3-6) [2] to enclose simple anions (F’, CI', BFy, and
ClOy). As general sub-tasks crucial for obtaining a
correct picture of anion enclosure and the resulting
properties we have identified: i) conformer generation,
ii) geometry optimization and energy minima
verification, iii) evaluation end decomposition of
formation energies, and iiii) internal dynamics of the
resulting complexes. In addition we have computed the
lithium ion affinities of the resulting supramolecular
anions.

Computational

The first task has been completed by exploring the
conformational space of all the hosts using molecular
mechanics  calculations prior to any quantum
mechanical (QM) calculations. A systematic study of
the  conformational  space rapidly  becomes
insurmountable even for medium sized molecular
systems. We therefore applied a Monte-Carlo based
conformation search using the MMFF force field. To
address the second stage the resulting structures were
geometry re-optimized using MMFF. Subsequently,
unique structures from each sub-study were transferred
to full QM optimisations using HF methods employing
the standard 6-31G* basis set (HF/6-31G*). The
computational task of ~100 atoms is easily handled with
the resources at hand. However, as all the structures are
very flexible and have flat potential energy landscapes
the geometry optimisations are very time-consuming
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due to the large number of iterations needed; a typical
case demanded ~80 cycles. Only for the most stable
structures for each sub-study analytical second
derivatives with respect to nuclear displacements were
evaluated to validate the energy minima. To address the
third task single-point (SP) energy calculations using
larger basis sets (6-311+G*) and electron correlation
(B3LYP hybrid functional) were performed for the most
stable host-guest combinations. The formation energies
were obtained at each QM computational level as the
differences in total electronic energies (AE,;) between
the supermolecules formed and the separate
components, all in their minimum energy geometries. In
order to in more depth analyse interactions Morokuma-
Kitaura decompositions of the supermolecules were
performed as implemented in GAMESS [3]. The
interaction energies are this way interpretable in
physically relevant terms: Pauli repulsion, Coulombic
attraction, polarisation, and charge-transfer. The
dynamics of the host-guest complexes as revealed by SP
or MD calculations provide data on the escape
possibilities and associated barriers for the anion guests.

Results :

We show the formation of supramolecular anions to be
possible using a wide range of host-guest combinations.
The relative energy contributions from the
decomposition analysis are also presented. Overall the
most stable complexes are obtained using the F anion
and some complexes have remarkable lithium ion
affinities ~ as low as ~58% of that computed for the

~ PF¢ anion is obtained. For the larger hosts the smaller

anions become less shielded towards the lithium cation
and the escape barrier becomes crucial.

Conclusions

The use of neutral encapsulating agents can provide
stable anionic supramolecular complexes with very low
lithium ion affinities. The chloride anion, together with
an appropriate host, may be a practical choice for better
lithium ion conducting electrolytes — especially as LiCl
is both inexpensive and obtainable as a highly pure salt.
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Introduction

Ion conductive organic plastic crystals have
generated much interest due to the observation of
significant conductivities in their plastic crystal phases
[1-3). Their combined mechanical and transport
properties make them suitable for use in lithium
batteries and other electrochemical devices.

Quaternary ammonium based salts coupled
with symmetric anions have been investigated by Tkeda
et al. [2] and many of these exhibit plastic crystal
phases as determined by thermal analysis and nuclear
magnetic resonance (NMR) measurements.  Some of
these compounds have also shown substantial ionic
conductivity in their high temperature plastic phases
(e.g. ELNH,Br has o = 2.5 x 107 S em™ at 127°C).
Conductivity has been attributed to a vacancy migration
model, although no direct evidence for this has been
presented.

Organic  ionic  plastic  crystal
electrolytes based on pyrrolidinium ring cations:

n1’;;‘nz

where R groups are R, = methyl or ethyl, and R; =
methyl, ethyl, propyl efc., and anions including
bis(trifluoromethanesulfonyl) amide (TFSA),
hexafluorophosphate (PFg) and tetrafluoroborate (BF,),
have displayed conductivities as high as 107 § cm™ at
20°C [3,4]. These materials have interesting phase
behaviour with several solid-solid phase transitions
often being observed which are, at least partially,
attributed to the onset of increasing degrees of rotational
disorder and finally complete isotropic rotation of the
ions on their lattice sites. The latter leads to high
diffusivities in many -cases and thereby also to high
ionic conductivities and plastic mechanical behaviour.

Recently we have investigated a simple
tetramethyl ammonium  dicyanamide compound
(Mey,NDCA) as an archetypal plastic crystal electrolyte
for which the crystal structure could be readily
determined. This, together with an NMR second
moment analysis, was used to understand the nature of
the rotational and translational motions which lead to
high plasticity and conductivity [5]. Conductivity
appears to be dominated by the Me,N cation diffusion

(O1PC)
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and this is correlated to the number of vacancies as
determined from the relative fraction of mobile cation
species observed in the NMR linewidth measurement.

Scanning electron microscopy (SEM) of
pyrrolidinium BF, and TFSA compounds has suggested
that different degrees of plasticity occur in these
materials and that this is manifested in the SEM by the
observation of dislocations and parallel slip planes [6).
In cases where plastic behaviour is not expected (eg. N-
methyl N-butyl pyrrolidinium BF,) the SEM indicates a
more well defined crystalline material with slip planes
noticeably absent. Most recently, rotator motions
(rotational disorder) and defects (point and extended
lattice  defects), as directly probed using
orthoPositronium, have been shown to aid ionic
conduction in plastic crystal phases of N,N dimethyl,
pyrrolidinium  TFSA  and NN  methyl, ethyl
pyrrolidinium TFSA [7].

The semi-stable orthoPositronium (oPs) atom
was first shown to be sensitive to solid-solid phase
transitions in molecular crystals by Cooper et al. [8].
Subsequent work in molecular plastic crystals attributed
this to oPs trapped in defects, and depending on the
system, and its phase behaviour, these defects could be
vacancies, divacancies or dislocations [9]. From this
work, it was established that a relationship existed
between the oPs lifetime (t,ps) and defect size [9]. The
statistical weight of the oPs component (p,) reflects the
formation probability and trapping rate, the latter of
which is proportional to the defect concentration. A
range of organic plastic crystals have been studied by
positron annihilation lifetime spectrscopy (PALS). The
PALS data as a function of temperature through the
solid-solid phase transformations has been used to
derive vacancy formation energies for these systems
[10].

Defect assisted conductivity has been
discussed for organic ionic plastic crystal (OIPC)
systems [2,3,11] and has been supported by electron
microscopy [6], (NMR) [5] and (PALS) [7]; however, a
model relating chemistry (ion size, symmetry, interionic
interaction) to defect structure and conductivity has not
been proposed. Such a model would facilitate design of
optimum OIPC systems.
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Experimental

N-methy! N-ethyl pyrrolidinium TFSA was
synthesized as described in reference [3]. The
compounds were prepared by a metathesis reaction
from the cormresponding iodide salt. PALS
measurements were performed using an automated
EG&G Ortec fast-fast coincidence system. Two
identical samples were placed on either side of a
2NaCl/mylar source and the sample-source sandwich
was placed in a dry nitrogen atmosphere inside a
temperature-controlled chamber. OrthoPositronium
pickoff annihilation characteristics (Tops, lors) Were
measured. A source correction was used based on the
oPs source component for control samples of annealed
pure aluminium. Error bars represent the population
standard deviation for five spectra. Conductance
measurements have been described elsewhere [4].
Briefly, a locally designed multi-sample conductance
cell with cylindrical sample compartments was
employed. During the conductivity run, the temperature
was ramped up at a steady rate of 0.2°C/min under the
control of a Shimaden Digital Temperature controller.
Conductivity was obtained by measuring the complex
impedance of the cell between 20 Hz and 1 MHz using
a HP 4284A Impedance Meter.

Results and discussion

Calculation of defect size and concentration
from the oPs annihilation characteristics (tops, Iops) is
described elsewhere [9, 10]. The oPs lifetime is related
to the radius of the defect by:

. 1(1 R_ 1. 2R Yl(l)
Eegl ¥ Sl == Ssin

2V ReBR 27 R+AR)
where T is the oPs lifetime (in ns) and AR has been
found empirically to be 0.166 nm [12). From the
calculated defect radius, the average defect volume, Vj,
is obtained fron1:

4 =-1:-:'-7rR3 @

assuming spherical defects.

Using the Nernst-Einstein equation in the
Cohen-Tumbull framework [13], the ionic conductivity
may be described as:

*
o=Cr"" exp(—%-) @
!

where y is an overlap factor in the hard sphere model of
volume available for transport, V* is the minimum
critical volume needed for diffusion to occur, C is a
fitting parameter which includes the charge carrier
number, and Vs the average free volume per molecule
at the measurement temperature T. 1f the average free
volume (Vy) is equal or proportional to the defect
volume as measured by PALS (¥,), a semi-logarithmic
plot of oT" versus the inverse of average free volume
should give a linear function with a slope of 4V*,
Figure 1 shows the relationship of conductivity
to the inverse of defect volume as measured by PALS
(¥, in cm® mol™) as a function of temperature in three

phases of the organic ionic plastic crystal N,N’methyl,
ethy! pyrrolidinium TFSA. Previous work [3] on this
OIPC has shown that a solid-solid transition from phase
I to phase II appears at 14°C.  Another broad
transition from phase 11 to phase [ begins at about 20°C,
reaching a peak at 45°C. These transitions are evident
in Figure 1 as changes in slope. This remarkable result
indicates that defect volume is very important in
mediating ionic transport. This result also suggests that
the types of defect and/or the ionic species participating
in transport vary depending on the phase of the OIPC.
Both point and extended lattice defects are known to
occur in N,N’methyl, ethyl pyrrolidinium TFSA [7].
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Figure 1 Semi-logarithmic plot of oT'? versus the
inverse of defect volume (or free volume) as measured
by PALS, V,. Lines are best-fit for each phase, with
linear regression coefficient R*>0.93.
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High lithium ion transport numbers are critical in the
quest for the high ratc capability and long cycle life
lithium batterics. The combination of high Li* transport
and good mechanical propertics, as found in polymers or
polymer gel materials, would be the ideal combination.
Single ion conducting polyclectrolyte systems have been
studicd by a number of workers in recent yecars, however
typically thesc materials arc hampered by poor
dissociation of the lithium ion from the anionic backbone.
In the prescnt work improved materials have been
developed whereby the lithium ion diffusivity (and hence
conductivity) is enhanced through the usc of dissociation
enhancers such as nano-particulate oxide fillers, ionic
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o

liquids and zwittcrionic compounds. Combinations of
these dissociating additives results in even higher lithium
ion diffusivity, with morc than an order of magnitude
improvement in conductivity obscrved, although an
optimum concentration of these is apparent. The usc of
mixtures of jonic liquids and zwittcrions as solvents has
also been found to Jead to improvements in the
clectrochemical behaviour of the Li/Li+ redox couple
including improved rate characteristics and stability on
cycling. The mecchanism by which thesc additives
cnhance lithium ion conductivity and clectrochemical
propertics is being investigated through the use of
multinuclecar NMR spcctroscopy.
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Introduction

Recent work [1-3] has shown that systems of lithium
salts in self-organised lamellae of amphiphilic polymers
1 (CmOn) with interphases of block copolymer 1I -{-
[(CH,)3-0-].23-(CH,),5-0-} - give films having ambient
conductivities o~ 10° § em” in impedance and
extended DC polarisations between Li electrodes.
Experimental

Two synthetic ‘Williamson® procedures for I in which
the halogen functions were either bome by the
tetracthoxy monomer (Method X) or by the sidechain-
bearing monomer (Method Y) have been compared. 'H
NMR was performed using a Bruker AC250. GPC was
carried out using a Hewlett-Packard 1090. DCS was
performed on a Du Pont 910. FTIR was carried out
using a Perkin-Elmer spectrum 2000. Simultaneous
SAXS and WAXS measurements over ambient to 50°C
were carried out using a MAR Research Image plate
with 5 or 10 minute exposure times. Impedance
measurements over the range 1.1MHz with an
amplitude of 0.1V were carried out with Solartron
1287A ECI / 1250 FRA using ITO coated glass
electrodes with a cellulose acetate or polyethylene
spacer. Molecular dynamics modelling was performed
with Cerius? molecular dynamics software.

Results and discussion

Extensive 'H NMR studies have shown that optimum
conductivities are obtained when I is a copolymer of
CmO5-CmO1 where p, the mol% of C1605 units may
be as low as 20%. The side groups lengths, m, are
typically 16 or 18 but optimum sub-ambient
conductivities have been observed with mixed side

O - (CH2)m-H O- (CHZ)m'

_\cf‘l:@_\o/—(\o O/EI? 00-p

chain copolymers, m = 12 / 18 (50%/50%). The
amphiphilic monomers and product promote self-
condensation of side chain-bearing monomers in 2
heterogeneous reaction forming CmO1 units. However,
Method X gave polyether and ester links whereas
Method Y gave pure polyether as shown.
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The stabilisation of the T / 1I interface (‘wetting’) is
essential for ion transfer. Excellent reproducibility of
conductivities have been obtained by incorporation of
ABA block copolymer I H(CH,)is [(CHy)4-O-Js0-
(CHa)igH in small proportion (~20% of II). SAXS and
molecular dynamics modelling suggest that, in
ionophobic CmO1
segments, salt exists
mainly as quadrupoles,
essentially  decoupled
from the polyether and
in  the copolymer
separated ions occur in
the (minor proportion)
of  helical CmO5
segments. We propose low activation energy
conduction in an applied field could proceed by a Li*

ricc
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34 — ————
Reversible .
conductivities in
41 de-blended material §
o
5 st .
C18C1205X(p = 18):IL:III:LiBF,
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74 \
Heating of initial blen
-8 ¥ + +

26 28 30 32 34 36 38
10° kT
hopping process between uncoupled aggregates,.

,,,,,, LiA, LigAz* ~ LiA; — LizAz LiA; Li3A1+ -
Similar conductivity plots are observed from either
Method X or Method Y mixtures.
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Introduction

There is great interest in the development of highly
efficient energy sources for applications such as cellular
phones, mobile computers, and also vehicles with
electrical propulsion. Among them considerable
attention is put on the development of lithium and
lithium-ionic batteries. The application in lithium
batteries of polymeric electrolytes instead of liquid ones
provides a possibility of designing devices of large
surfaces and any shape. The high share of anions in the
electric charge transfer, which is connected with a drop
in the cell power, is a considerable problem.
Electrolytes with high salt content are one of the ideas
for obtaining electrolytes of relatively high anion
immobilization. Such electrolytes, called polymer-in-
salt-electrolytes (PISE) were first described by Angell
et al. [1] and then many works were presented,
concerning mainly polyacrylonitrile (PAN) based
systems [2]. For these electrolytes it is assumed that the
ion mobility is not directly connected with the
segmental relaxation of the polymer matrix chains and
results from the high degree of ion aggregation.

In this work we present the results of studies on the
conductivity of a number of PISE as a function of salt
concentration, type of lithium salt anion and chemical
structure of the polymer matrix.

Experimental

The membranes of electrolytes were obtained by film
casting from a solution in acetonitrile of the polymer
and following lithium salts: Lil, LIN(CF3S0,),, LiClO,,
LiAlCl;, LiCF;80;, LiPFs and LiBF,. Acrylonitrile
(AN) and buty! acrylate (BuA) copolymers [poly(AN-
co-BuA)], poly(butyl acrylate) and poly(methyl
methacrylate) (PMMA) were used as polymer matrixes.
The salt concentration varied from 10 to 80 mol% with
respect to the number of AN, BuA or MMA monomeric
units in the copolymer/polymer. Samples were
investigated by DSC, FTIR and impedance
spectroscopy. Impedance spectra were obtained over a
frequency range of 10 — 10° Hz.

Results

Due to the fact that PAN shows solubility in a small
number of aprotic solvents such as DMSO and DMF,
which are very difficult to remove during the membrane
preparation, we propose the use of poly(AN-co-BuA) as
the matrix. These polymers are well soluble in
acetonitrile, a volatile solvent easily removable.

The studies carried out show that the conductivity of the
electrolytes investigated increases with an increase in
the salt concentration until reaching a maximum. The
location of the maximum is characteristic for a given
type of salt and polymeric matrix. Recently, we reported
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ionic conductivity for the system containing
LiN(CF3S0,); and poly(AN-co-BuA) [3].

Figure 1 shows the differences in the conduction ability
of systems containing poly(AN-co-BuA) (2:1) and
various lithium salts.
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Figure 1. Ionic conductivity of electrolytes based on poly(AN-
co-BuA) (2:1) with different lithium salts (1.2 moles of Li”
per 1 mole of AN monomeric units in the copolymer).

DSC studies show that in a majority of composites
studied, the introduction of a salt to the polymer causes
a considerable decrease in the glass transition T, value
indicating its strong plasticizing effect. Figure 2
presents the dependence of T, on the salt concentration
for the poly(AN-co-BuA) and Lil system.
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Figure 2. Glass transition temperature 7, of electrolytes
comprising poly(AN-co-BuA) and Lil depending on the salt
concentration.
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Introduction

The classical polymer electrolyte consists of organic
macromolecules (usually polyether polymer) that are
doped with inorganic salts. The salt-solvent mixing
entropy consists mainly of two components:
translational and configurational. The incorporation of
salts into the polymer inevitably reduces the freedom of
polymer-chain motion, thus causing a reduction in
translational entropy. The configurational entropy of
mixing depends mainly on the available coordination
sites in the polymer, which are affected by the spacing
between sequential coordination sites and by steric
effects. In polymer electrolytes, the conduction sites are
not fixed; instead, the solvent site positions appropriate
for cation bonding vary with time. The segmental
movement of the polymer chain creates new sites and
removes old ones. Therefore, the conductivity, which is
coupled to the micro-Brownian motion of segments of
the polymer chains above the glass- or melting-
transition temperature, rises significantly with
increasing amorphousness of the polymer electrolyte.
On the basis of these observations, the ionic
conductivity has been thought to be closely connected
with increased flexibility of the chains and rapid
relaxation of the host polymer.

In contrast to this, we have recently demonstrated
experimentally the preferential ion transport along the
ordered helical axis in LiX-PEO polymer electrolytes,
where X is an anion, such as iodide,
trifluoromethanesulfonate, hexafluoroarsenate,
bis(oxalato)borate and triflucromethanesulfonimide. It
is fundamental to our understanding of transport
processes in solid-state materials that enhaned
conductivity comes about as a result of permanent
conducting pathways for the movement of ions. This
study is directed toward the demonstration of the
possibility of making a rational design of novel polymer
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materials with extraordinary electrical properties on the
basis of structural ordering.

Experimental

The electrolytes were prepared from poly(ethylene
oxide) (P(EO)) with incorporation of different lithium
salts by casting from acetonitrile solution on a teflon
tray. All handling of PEs took place under an argon
atmosphere in a VAC glove box with water content <
10 ppm. Ordered PEs were prepared either by
stretching or casting under a magnetic field (MF).

Results and discussion

The relationship between the alignment of polymer
helices and improvement of jon conduction properties
of polymer electrolytes has been determined by
scanning  electron  microscopy, XRD, NMR
spectroscopy and electrochemical means. It was found
that solution casting and drying under an applied
magnetic field enhances both intra- and interchain ion
mobility by about one order of magnitude in the
direction perpendicular to the film plane. The magnetic
-field effect is even more pronounced in polymer
electrolytes with incorporated diamagnetic and
paramagnetic nano-fillers. The lithium transference
number increases from 0.2 to 0.6 in MF-oriented
polymer electrolytes. The resistance of the solid-
electrolyte interphase decreases by more than one order
of magnitude in the lithium cells comprising these MF-
oriented polymer electrolytes. We believe that the
ability to create anisotropic shape-persistent, but
flexible materials with preferred orientation is
promising not only for getting higher power in lithium
batteries but for many other nanoscale technological
applications.
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Introduction

The low room temperature conductivities of
poly(ethylene  oxide)-based polymer electrolytes,
originating in the cyrstallinity of these materials, has
driven a search for alternative polymer-salt systems.
Poly(ethylenimine), PEI, is structurally similar to
poly(ethylene oxide) but with the backbone oxygen
atom replaced with an NH group. However, polymer
polymer electrolytes based on PEI also yield low
conductivities [1]. The highly crystalline nature of
poly(ethylenimine), due in part to hydrogen bonding
interactions, can be reduced or completely eliminated
by the substitution of side chains on the backbone
nitrogen atom. Tanaka et al. have described
conductivity and thermal data of poly(N-
methylethylenimine), PMEI, containing dissolved
LiClO; and LiCF;SO; [2]. A comparative thermal,
vibrational, and conductivity study of PMEI with
NaCF;SO; and LiCF;80; has also been reported [3].
The recent synthesis of poly(N-ethylethylenimine),
PEE], affords an excellent opportunity to investigate the
effect of substituent alkyl chain length on relevant
properties of an ethylenimine-based family of polymer
electrolytes. This paper will discuss a comparative study
of PEEI, and PMEI complexed with LiCF;SO;,
NaCF;8O;  and LiBFs using FTIR, DSC, and
impedance techniques.

Experimental

PMEl was synthesized following a procedure
previously reported [3]. PEI was converted to PEEI by
reductive amination using NaBHj/acetic acid. FTIR
spectra were collected on a Bruker IFS66V system
under vacuum at a 1 wavenumber spectral resolution.
Thermal data were measured with a Mettler DSC 820
calorimeter by cycling the samples between —~150 and
25°C. An HP 4192A impedance analyzer was used to
collect impedance data over the range 5 Hz to 10 MHz,
Samples for conductivity measurements were contained
between stainless steel electrodes.

Results and discussion

The onset of the glass transition temperature of PEEI
occurs at ~102°C (-97°C midpoint), measured in a
heating cycle. In contrast, the onset of Tg in PMEI is at
~-95°C (-91°C midpoint). This result is expected
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because the ethyl group attached to the nitrogen atom of
the PEEI backbone “sweeps out” a slightly larger
volume than does the substituted methyl group of
PMEI.  Therefore, there is a slight increase in the
flexibility of the PEEI backbone relative to PMEI which
is reflected in the slightly lower Tg of the former.

Vibrational spectroscopic studies show that the region
800-900 cm™ contains modes that are dominated by C-
N stretching and backbone CH, rocking motions; the
frequencies and intensities of these bands are sensitive
to the coordinative interactions of the lithium ions with
the nitrogen atoms. Modes in the region from 1000 to
1200 cm’ consist of a complex mixture of backbone
stretching motions and CH3;CH, or CHj substituent
moations; these modes reflect the difference in the side
chain substituents. The ionically associated species in
both systems are dominated by Li'CF,SO;” contact jon
pairs, with no striking differences between the two
polymer hosts.

Preliminary conductivity data of the 10:1 (N:Li molar
ratio) PEEI-LiCF;SO; complex shows slightly lower
values compared with the conductivity of a 10:1 PMEI-
LiCF380; complex over the same temperature range. A
more detailed comparative study at a number of salt
compositions will be reported at the conference.

Conclusions )

The presence of an ethyl group in PEEI as compared to
the methy! group in PMEI appears to have only a slight
effect on the thermal behavior of the two materials. The
addition of LiCF;SO; raises the Tg in both PEEI and
PMEI, in accordance with behavior observed in other
polymer-salt systems. The similarity of ionic
association in both systems is expected because there
should be little or no change of basicity in the backbone
nitrogen atom.
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Introduction diffusion model was considered to elucidate the
Many types of polymer gel electrolytes for lithium morphological feature of the gel.
secondary batteries have been developed recently. They

can be categorized into two types of form: a Results and discussion
homogeneously swollen gel and a phase-separated gel. Figure 1 represents the diffusion coefficient change
In the swollen gel, an-electrolyte solution is dispersed of the gel, CBMEU-LiPFs-EC/EMC(1:1) with changing
into the polymer network on a molecular level. Ionic the polymer fraction in the gel. With increasing the
species randomly migrate in the homogeneous network polymer concentration, the diffusion value first
influenced chemically and physically by the polymer decreased due to the viscosity increase of the gel.
chains. The phase-separated gel, on the other hand, is However, Dy; abruptly increased at 10 wt% of polymer.
composed of a framework of porous polymer and an Dy and Dy were also enhanced at 13 wt% of polymer.
electrolyte solution which occupies the interconnected These increases reflect the phase separation of the gel, It
pores. Tonic species of carriers migrate in the solution in is amazing that the enhanced Dy; and D; were greater
the linked pore pathways without the polymer effect on than those of the original electrolyte solution. We
the molecular level. speculate that the solution component was separated out
When the phasc scparation occurs in the gel from the swollen gel with changing the solvent
electrolyte composed of urea-containing polymer, we composition or solution concentration during the phase
found anomalous high diffusivity of ionic species which separation process. In case of the gel with a different
surpasses that of the original electrolyte solution. This solvent, restricted diffusion behavior observed which
indicates the significance of phase condition control of implies the existence of domain structures in the gel.
the gel to obtain high ionic conductivity and structural This would be intermediate condition between the
stability, In this rescarch, we elucidated the diffusion homogencous and phase-separated gels.
behavior of the polymer gel electrolyte associated with
the phase condition by the observation of NMR echo Ackuowledgement
signal behavior. This research is supported by Hayashi Memorial

Foundation for Female Natural Scientists.
Experimental
1,2-cyclohexylene-bis[(methacryloyloxy)ethylureido]

(CBMEU, C¢H;;(NHCONHC,H;O0COC(CH,)=CH,),, r . . . . r——

prepared by Itoh Oil Chemicals Co., Ltd) of an urea .65 J

group-containing polymer were used as the starting b a -

polymer material. The lithium electrolyte' solutions of -

1.4 M LiPF; dissolved in the mixed solvents of ethylene ed ® L 1
carbonate (EC) and ethyl methyl carbonate (EMC) with

1:1 and 3:1, in mono solvents of propylene carbonate
(PC) and EMC were mixed with the polymer with
several mixing ratio to prepare the gel of different phase
conditions. Diffusion behavior of ionic species was
observed using the pulsed gradient spin-echo (PGSE)
NMR technique with the probed nuclei of "Li (116.8
MHz) for the cation, "°F (282.7 MHz) for the anion and T T T T T T T
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'H (300.5 MHz) for the solvent species using a JBM-
ECP300W spectrometer [1]. polymer/ wi%

The echo signal changes reflect the morphological
feature of the space for carrier migration. In case of Figure 1 Diffusion coefficient change of gel of

linear change in log-plot of intensity as a function of CBMEU-LiPF,-EC/EMC(1:1) as a fiinction of
8%A (3: pulse width of the gradient pulse, A: diffusion polymer concentration.

time), the diffusion coefficient of each species (Dy;, Dy,

Dy) was estimated from the slope. When the echo

attenuation deviates from the linear behavior, restricted References
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Introduction

Tonic liquids are room temperature molten salts and
of great interest as new electrolyte materials.! We have
directed our attention to the combination of ionic liquids
and polymers as new polymer electrolytes® In situ
radical polymerization of common viny! monomers in
these ionic liquids affords compatible combinations of
the ionic liquids and the resulting network polymers®
(Fig. 1). Completely compatible combinations are new
polymer electrolytes and named ‘“ion gels”, which
exhibit high ionic conductivities (typical room
temperature conductivity: 107 Sem™).  The high
conductivities are caused by self-dissociating and ion-
transporting abilities of the ionic liquids and by the
decoupling of the ion transport and polymer segmental
motion. [f task-oriented properties, such as lithium fon
conduction and proton conduction, are molecularly
designed in the ionic liquids, the scope of the utility of
ionic liquids and ion gels may greatly expand,>* In this
talk, I will focus on the research on the design of task-
oriented ionic liquids and ion gels, and the recent
progress in our research group will be presented (Table

Fig. 1 Ton gels obtained by in situ polymerization of vinyl
monormcrs dissolved in ionic liquids.

Results and Discussion

Conventional lithium salts have high melting
points, mainly due to the strong electrostatic interactions.
The introduction of Lewis basic ether ligands into super-
weak anion structures remarkably reduces melting points
of the lithium salts to give self-dissociating lithium ionic
liquids® Electrolyte properties of the resulting lithium
ionic liguids and the ion gels are characterized.

We have recently found* that novel Bransted acid-
base ionic liquids, derived from a simple combination of
a wide variety of organic amines with
bis(trifluoromethane  sulfonyl)imide, are anhydrous
proton conductors and electroactive for H, oxidation

Table 1 Important Chemistry and Application of lonic Liquids and ton Gels

Applcation Fiekd Propestes o be Uized Chemisyy In be Pursued
Lithium Polymer Norw Ut
Batiery flammability, Non-volatility
Doutle Layer L 7 Capuc per
Capador Hgh tempensire stabikty
Fod Cod New medo of dxing
Insiead of waier membvans above 100 °C
Solar Cel Nonalolity, Sabiity lan‘slacton mixed conduction
Aot Non- Yoy
vokality
Becrodvarnics Non-volasity, Stblty Reversble anddurable  slecirochromic:
reacions. ‘

and O, reduction at a Pt electrode under a non-
humidifying condition, which shows the prospect of the
use of protic ionic liquids as new materials for proton
conductors at elevated temperatures.

Electrons are also mobile in fonic liquids when a
redox couples is dissolved in them at a high
concentration. We have revealed that charge transport
of an I' / I3 redox couple in an ionic liquid nonlinearly
increases with increasing the concentration by using
microelectrode technique.® This anomaly of the charge
transport at high concentrations of the redox couple with
comparable [I'] and [I37] can be attributed to the
exchange reaction of I' + Iy > Iy + I' and is quite
suitable for an electrolyte in dye-sensitized solar cells.

A final example of applications of ion gels is an
actuator. It is recently found that an electric double layer
capacitor using an ion gel as an electrolyte exhibits
bending displacement upon the electric polarization.
The actuator can be operated under open atmosphere and
a low applied voltage.
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Abstract:

Solid state conductors are of interest in the growing area
of electrolytes for electrochemical devices such as
batteries, fuel cells, sensors and actuators. lon
conducting ceramics, polymer electrolytes, gels and
glasses are materials that have been extensively
investigated. Recently, the observation of fast-ion
conduction in organic salts exhibiting rotator phases has
led to an increased interest in these materials."

The crystalline state of these materials is typically fully
ordered at low temperatures, but as the temperature is
increased they exhibit one or more solid-solid phase
transitions, often due to the onset of different rotational
motions. These transitions are usually associated with a
large enthalpy and entropy increase. Some of these
materials exhibit, in their highest temperature phase,
plastic properties. In the plastic phase, the crystalline
material flows readily under relatively low forces and
can deform without fracture under stress.

Organic-based materials with multiple phase transitions
and rotator phases include families of quaternary-
ammonium-cations, imidazolium-cations and
pyrrolidinium-cations.3

Salts based on N-alkyl-N-methyl-pyrrolidinium cations
have been extensively explored in terms of phase
behaviour, conductivity efe. The chemical structure of
the salts, such as the choice of anion and/or the length
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of the alkyl chains, has been shown to greatly influence

the properties of the materials. The

R bH3 jodide salts, for example, are

\+~‘ usually solid at room temperature,

N exhibit fewer phase transitions and

have a higher melting point,

compared to salts based on anions

with a more delocalised charge such

as PF¢, BFy or N(SO,CF;),. The

melting point of the material

decreases as the length of the alkyl group increases, up

to a certain length (which is dependent on the choice of
anion.

Doping these materials with a lithium salt has given
more than 2 orders of magnitude increase in
conductivity, and ’Li NMR measurements reveal
linewidths approaching those seen for liquids.' This
suggests that these materials exhibits fast-ion-
conduction properties, where the lithium jons are
transported fast throughout the ionic matrix.
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Introduction

Polymeric electrolyte that conducts magnesium ion
(Mg?) is the key material for developing an all-solid
rechargeable magnesium battery. We have recently
proposed some polymeric gel electrolyte systems
conducting Mg?* at ambient temperature {1, 2. Up to
the present, it is generally accepted that such
plasticizing materials as organic solvents are required to
obtain high ionic conductivity at and below the ambient
temperature [1-3]. In this paper, we report on a novel
ionic gel system that consists of a polymer matrix
dissolving magnesium salts and ionic liquids without
any volatile organic solvents.

Experimental

Poly(ethylene oxide) monomethacrylate (PEM) and
poly(ethylene oxide) dimethacrylate (PED) (Scheme 1
(a), PEM:PED = 3:1 by molar ratio) were used as
prepolymers for the polymer matrix formation. The
ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide (Scheme 1 (b), EMITFSI) or
diethylmethyl(2-methoxyethyl) ammonium bis(triflu-
oromethylsulfonyl)imide (Scheme 1 (c), DEMETFSI),
was used as a plastisizing reagent. Mg[(CF;SO,),N},
(Mg(TESI),) as the electrolytic salt was dissolved in the
ionic liquid. The mixture of the prepolymers and the
ionic liquid was developed on an Al plate in a dry Ar
atmosphere and solidified by photo-induced radical
polymerization to yield cross-linked polymer matrix,
poly(ethylene  oxide)-modified  poly(methacrylate)
(PEO-PMA), containing ionic liquid dissolving
Mg(TFSI),. The composition of the polymeric gel
electrolyte is formulated as (PEO-PMA)a mol %
Mg(TFSD),/EMITFSI or DEMETFSI (x-y). The
temperature dependence of the ionic conductivity was
measured by an ac impedance technique (100 kHz to 1
Hz) in a temperature range of 20 — 60 °C.

Results and discussion

The obtained gel film was flexible and with proper
mechanical strength. The results of thermal analysis
(DSC) showed that the obtained gel film is stable in the
temperature range of -150 °C to 150 °C. The jonic
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o

conductivity of the polymeric gel electrolyte depended
on the content of the ionic liquid containing Mg(TFSI),.
The composition of 80 wt. % of EMITFSI containing 20
mol % Mg(TFSI), gave high conductivity of ca. 3.5 mS
cm™ at 60 °C.

The mobile species in the polymeric gel sysytem was
examined by a dc polarization method using Pt/Pt
blocking and Mg/Mg non-blocking cells. The de
polarization of an Mg/Mg cell using the polymeric gel
electrolyte proved that Mg* is mobile in the present
polymeric system. ’
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Scheme 1 Chemical structure of the prepolymers (a)
and ionic liquid (b), (c).

- 47 -



.48 . 9th International Symposium on Polymer Electrolytes




IONIC LIQUIDS

& %

Ion Transport Properties of Lithium Ionic Liquids and Ion Gels

Hitoshi Shobukawa, Hiroyuki Tokuda, and Masayoshi Watanabe

Department of Chemistry & Biotechnology
Yokohama National University and CREST-JST
79-5 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan
e-mail: d03gal16@ynu.ac.jp, tel (+) 81 45 339 3955, fax (+)81 45 339 3955

Introduction

A wide variety of ionic liquids, also known as room
temperature molten salts, have been investigated as new
electrolyte materials for electrochemical systems. Since
the first report on the air and water stable ionic liquids,
there have been numerous attempts to find new ionic
liquids by combining a wide variety of organic cations
and anions. It is well known that jonic liquids, obtained
by coupling imidazolium cation with fluorinated anions,
have low melting points and high ionic conductivity. In
this study, with a view to developing advanced
electrochemical systems, we report the synthesis of
ionic liquids having only lithium ion as the cationic
species. We have also directed our attention to the
combination of lithium ionic liquids and polymers and
prepared a new polymer electrolyte for rechargeable
lithium battery application. An insight into the
relationship between the composition and ionic
conductivity will be presented.

Experimental .

Conventional lithium salts have high melting points,
mainly due to the strong electrostatic interactions.
However, a lithium salt of a large and super-weak
aluminate anion" still have a much higher melting point

than room temperature, and the ionic conductivity is .

very low even in the molten state. Strong Lewis acidic
nature of Li* favors ion-pairing even in the molten state.
The introduction of Lewis basic ether ligands groups
into the weak anion structures remarkably reduces
melting points of the lithium salts to yield self-
dissociating lithium ionic liquids. Based on the concept,
we recently reported the physicochemical properties of
a series of lithjum ionic liquids®.
" The new ion gels were comprised of lithium ionic
liquids and tri-acrylate macromonomer (TA, mol. wt. =
8160, Dai-ichi Kogyo Seiyaku Co. Ltd). The ion gels
were prepared by photo-initiated polymerization using
2,2-dimethoxy-2-phenylacetophenone (DMPA) as a
photoinitiator. Lithium ionic liquid concentrations in
the polymer electrolytes were [lithium] / [ether oxygen)
= 0.04-0.14, and thickness of the polymer electrolyte
films was 200 pm.

Differential  scanning  calorimetry  (DSC)
measurements were performed on a Seiko Instruments
DSC 220C in N, atmosphere. Glass transition
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temperatures were determined from DSC thermograms
during the heating scans.

Temperature dependence of ionic conductivity was
determined by the complex impedance method, using a
computer-controlled impedance analyzer (Hewlett
Packard 4192A) over a frequency range from 5 Hz to 13
MHz, under a 10 mV ac amplitude. The measurements
were carried out with cooling from 353 K to 273 K at
the intervals of 10 K, and the samples were thermally
equilibrated at each temperature for at least 1.5 h prior
to the measurements,

Results and discussion

The apparent degree of ionic dissociation” is relatively
high, which indicates that the large number of ionic
carrier contributes to the ionic ionic conduction in the
lithium ionic liquids. Namely, the lithium ionic liquids
have relatively high ionic activities.

DSC thermograms of the TA-lithium ionic liquid
polymer electrolytes exhibit only one glass transition
temperature (7). In the DSC thermograms of polymer
electrolyte, the endothermic transitions were observed
when the lithium ionic liquid concentrations were low.
However the enthalpy change in the endotherms
decreased with increasing in the lithium ionic liquid
concentration. When [lithium] / [ether oxygen] was
higher than 0.06, the polymer electrolytes became
completely amorphous. ~ With increasing in the
concentration of the dissolved lithium ionic liquids, the
T, of polymer electrolytes are raised.

To accomplish the object of the study, we focus on
the structure-property relationship for different
combination of a polymer and a lithium {onic liquid.
The unique propery of the system has been compared
with the conventional polyether-base polymer
electrolyte system, which is a typical example of a
‘coupling system’ between the structure and conduction
relaxation times.
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Introduction .

Room temperature jonic liquid (RTIL) is one of the
important materials to use as an electrolyte for practical
purposes from their attractive properties and many
studies have been made from various viewpoints, Since
the electrochemical studies have been devoted to the
solution electrolytes where neutral solvents are included,
we often encounter the difficulties to interpret various
phenomena of the concentrated material where all the
species are ions like RTILs. Previously we have applied
NMR  diffusion measuring methods to polymer
electrolytes and find that the similar approach can be
applied to RTILs, especially to the RTILs doping with
the lithium salt. In this study five popular icnic liquids
with doping lithium salt are studied. The cation is 1-
ethyl-3-methyl imidazolium [emim] with anions of
[BF4], {(CF380,),N] and [(C,FsSO,),N] and the cation
is 1-butyl-3-methy! imidazolium [bmim] with anions of
[BF4] and [PF4} doped by the individual lithium salts
like LiBF4, LiN(CF350,),, LIN(C,FsS0,), and LiPFs.

Experimental

The purity of the RTILs were checked by the NMR
spectra. 1 M of the individual lithium salt was added,
dissolved by stirring, pored into an NMR sample tube
with the height S mm and flame-sealed.

NMR diffusion measurements were made by the
modified Hahn sequence by using a 4.7T wide-wore
super conducting magnet with a JEOL diffusion
measuring  attachment. The maximum pulsed-field
gradient was 22 T/m to measure the slow diffusion
(small self-diffusion coefficient). The 'H, F and 'Li
NMR  measurements were carried out to obtain the %
self-diffusion coefficients of the organic cations, anions
and lithium ion, respectively. The temperature was
changed in the wide range through the ambient
temperature. The ionic conductivity was measured by
the usual ac method.

Results and discussion
Generally, in the neat RTILs, the organic cation diffuses
a little faster than the anions in the wide temperature
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range. With doping the lithium salt, the organic cation
diffuses the fastest, next is the anion and the lithium ion
of the smallest size diffuses the slowest. These features
are similar to polymer gel and solution electrolytes
where the lithium jon always diffuses the slowest. The
temperature dependences of the diffusion coefficients
were well fit on the VTF equation and each ion has the
different fitting parameters within the same system. In
addition the diffusion behaviors of the three ions in the
same sample vary depending on the species included.
For example, the doping of LiBF, in the [emim][BF,)
brought the reduction of the diffusion coefficients of all
the ions in the [Li][emim][BF,] system, while in the
[Li][bmim][PF4] system, the diffusion coefficients of
the [bmim] and [PFs] were almost unchanged after
adding the lithium salt. Just afier the sample preparation,
the lithium diffusion plots were not straight lines at the
lower temperatures and had the similarity to the lithium
ion behaviors in the polymer electrolytes [1], but the
structure relaxation brought the straight line plots after a
long time. It looks certain that the salt-doped RTILs
have some microstructures which change in structure
gradually in long time intervals. The temperature
dependence of the ionic conductivity of the lithium-salt
doped RTILs studied was also fitted by the VTF
equation. From the correlations with the ion diffusion
and ion conduction, the interactions between the organic
cation, lithium jon and anion are discussed.

Conclusions

The NMR measurements reveal the diffusion
behaviors of the individual jons in the lithium-salt
doped RTILs. Although the lithium jon is the smallest
in its size, the diffusion is the slowest. This suggests the
lithium ion always interacts with anions. The organic
cations showed the fastest diffusion. The number of the
unpaired jons would be the largest in the organic cations
({emim] or [bmim]), even though the total number of
the anions in the paired and unpaired states is the largest,
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Introduction

Conjugated polymers (CPs), i.e. polymers with a
single-double bond alternation along the backbone, are
typically semiconductors with band gaps of 1-3 eV in
the pristine state. They can, however, be transformed
into  excellent  electronic  conductors,  with
conductivities approaching that of copper, via doping.
The addition of electron acceptor dopants, such as Br,
produces a p-type material with hole conductivity,
while electron donor dopants, such Li, produces an n-
type material with electron conductivity.!

A significant number of today’s CPs are in addition
highly luminescent, and emission colors spanning the
entire visible spectrum have been demonstrated. When
a thin film of a pristine luminescent CP is sandwiched
between appropriate cathode and anode materials (with
Fermi levels matching the conduction band edge and
valence band edge of the CP, respectively) a polymer
light-emitting diode (pLED) is attained, which emits
bright light when electrically stimulated.? Currently,
pLED:s are beginning to be introduced commercially in
display applications, primarily because they, in
comparison to conventional liquid crystal displays and
inorganic LEDs, are relatively easy to produce, allow
for a flexible device configuration and exhibit high
power efficiencies®

An interesting alternative to the pLED is the polymer
light-emitting electrochemical cell (LEC). It typically
consists of phase-separated mixture of a CP and a
polymer electrolyte as the active material positioned
between two electrodes. When a voltage less than the
band gap of the CP is applied (V < EJe), dissolved ions
redistribute toward the electrode interfaces to screen
the electric field from the bulk of the active material,
When V 2 Eje, charge injection into the CP begins,
with holes being injected at the anode and electrons at
the cathode. The injected electronic charge carriers are
compensated by counterions, which move from the
polymer electrolyte into the CP, and electrochemical p-
type doping at the anode and n-type doping at the
cathode take place. After this tum-on time, a p-i-n
junction is formed in the CP (i represents a thin
insulating region separating the doped regions).
Subsequently injected electrons and holes migrate
through high-conductivity doped regions before
recombining radiatively in the thin i-region.*

Since the operation of LECs, in contrast to pLEDs,
includes doping of the CP, the requirements on
electrode material selection and active material
thickness are much less stringent. In fact, functional
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LECs with identical Au electrodes separating a 50 pum
thick active material have been demonstrated. In
contrast, a functional pLED requires a low-work-
function, and thus reactive, cathode (e.g. Ca) and a high-
work-function anode (e.g. indium-tin-oxide, ITO)
sandwiching a very thin film of CP (~ 100 nm).
Unfortunately, these intrinsic and important advantages
of the LEC concept are currently offset by two problems:
(i) a slow turn-on time, and (ii) a relatively short
operational lifetime.

In this abstract, we very briefly present results obtained
from two different LEC systems containing: (i) a
traditional three-component active material; and (ii) a
novel single-component active material. The former
system elucidates the direct connection between the
morphology of the polymer electrolyte and the turn-on
time; while the latter system offers a straightforward
probe of non-desired electrochemical side-reactions, an
insight into the basic requirements for electrochemical
doping and an unparalleled simple and appealing device
fabrication.

Experimental .

The molecular structure of superyetlow (SY), obtained
from Covion, is presented in the inset of Fig. 1. SY,
poly(ethylene oxide) (PEO) and LiX [= LiCF,SO; (LiTf)
and/or LiN(CF3S0,), (LiTFSI)] in a (10:3:2) mass ratio
were dissolved in cyclohexanone in an approximately 10
mg solute per mL solvent ratio. The solutions were spin
cast onto ITO covered glass substrates to form 400 nm
thick films. Thereafter, Al top contacts (= 100 nm) were
thermally evaporated through a shadow mask. A more
detailed experimental description is provided in Ref, [5].

The molecular structure of poly[9,9’-bis(6"-(N,N,N-
trimethylammonium)hexyl) fluorene-alt-co-
phenylene]bromide (PFN*Br) is presented in the inset of
Fig. 2. LEC devices were produced by spin casting a 10
mg/mL methanol solution of PFN'Br" onto ITO covered
glass substrates to form a 270 nm thick film, and then
thermally evaporate Al top contacts. A more detailed
experimental description is provided in Ref. [6].

Results and discussion

Fig. 1 presents the turn-on time for yellow emission at J/
= 4.0 V and room temperature (RT) for ITO/SY-PEO-
LiX/Al LECs; X = Tf (open circles), X = TFSI (solid
squares) and X = Tf-TFSI (stars).

-63 .-



-54 .

? 800
E 600
g 400
8
®
-]
0
0 10 20
Time (s)
Figure 1.

The tum-on time of an LEC is directly related to the
formation of the p-i-n junction, i.e. the redistribution of
ions and the initial injection and transport of electronic
charge carriers. Considering that ion mobilities are
significantly lower than mobilities of electronic charge
carriers and that the electronic injection is ohmic, it is
clear that the ion mobility in principle dictates the turn<
on time. Berthier et al. have demonstrated that the
morphology of a polymer electrolyte strongly
influences the ion mobility;” a static crystalline or
glassy morphology exhibits negligible ionic mobility
whereas a dynamic amorphous morphology can exhibit
significant ion mobility.

We suggest that the observed variations of the tum-on
time in Fig. 1 can be attributed to the morphology (and
thus the jon mobility) of the PEO-LiX electrolytes at
RT: PEO-LiTf is largely crystalline® with a
corresponding limited jon mobility, and the LEC with
PEO-LiTf as the polymer electrolyte is accordingly
extremely slow to tumn on (of the order of hours). PEO-
LiTf-TFSI, on the other hand, is expected to be
amorphous with a high ion mobility, and its LEC also
exhibits & fast turn-on-time of <0.4 s. Heat-treated
PEO-LIiTFSI, finally, is partially amorphous at RT?
and its LEC consequently exhibits an intermediate
turn-on time.

Unfortunately, we also find an apparent trade-off
between turn-on times and lifetimes in that the fast
devices have shorter lifetimes than the slow devices.” It
is highly plausible that facile ion transport in addition
allows for a (too) fast transport of potential reactants,
e.g. molecular anions, to side-reaction sites, with an
obvious negative consequence for the device lifetime.
A straightforward evaluation of this issue is, however,
cumbersome due to the number of different potentially
electroactive species in a three-component LEC.

In this context, recently initiated work on novel single-
component LECs might be potentially of interest. Fig.
2 presents the brightness as a function of applied
voltage for an ITO/PFN'Br/Al LEC. The only
electroactive species in this LEC (besides the cationic
polymer and the electrodes) is the Br anion, and its
electrochemical oxidation potential is well defined.

©
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Figure 2.

Moreover, the fact that we can demonstrate efficient
LEC operation (with blue light-emission at ¥V = EJfe ~
3V; see Fig. 2) with a single-ion conductor as the active
material is educational, since it demonstrates that a p-i-n
junction is formed even though only one ionic species is
mobile. More specifically, it shows that uncompensated
and immobile cationic polyfluorene chains, which are
left behind at the cathode when mobile Br’ ions migrate
to the anode, are capable of performing n-type doping
with injected electrons.

Finally, from an application standpoint the single-
component LEC concept is appealing, since it allows for
the simple device fabrication, with a one-component
(instead of the commonly employed three-component)
active material deposited from a benign solvent (such as
water or methanol) onto air-stable electrodes (such as Au
or ITO).
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OPTICAL PROPERTIES

Applications
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Electrochromism can be defined as a reversible
and persistent colour change caused by an electric field;
a variable transparency can result. This occurs in an
electrochemical cell configuration and involves the
insertion of electrons and small jons into an
electrochromic material and the subsequent extraction
of the same charges upon reversal of the process.
Electrochromic materials such a transition metal oxides
are normally coated (sputtered) on a substrate such as
glass or a ftransparent polyester foil which has
previously been coated with a transparent conducting
thin film such as tin doped indium oxide (ITO). The
ITO is the source of electrons and an electrolyte
containing small jons is required to complete an
electrochemical cell configuration.

9th International Symposium on Polymer Electrolytes

Motorcycle riders often use helmets with dark
visors. These visors may be dangerous after sunset. A
solution would be a visor, which becomes transparent at
the push of a button of by a voice command. The same
idea could be applied to goggles for skiers. Visors and
goggles such as these are being developed and should
be available shortly. :

Electrolytes suitable for such applications will
be discussed. These include polyether-PMMA-lithium
salt-aprotic solvent systems and copolymers of either 2-
acrylamide-2-methyl-1-propane  sulfonic acid and
ethylene glycol methacrylate phosphate with methyl
methacrylate, glycidyl methacrylate or 2-hydroxy ethy!
methacrylate in polar aprotic solvents.
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Introduction

Electrochromism is one of the most successful ways to
obtain multi-color images on an electrode due to its
color variation, larger viewing angle, memory effects
and so on. Many electrochromic materials, such as
inorganic compounds, conducting polymers and
functional molecules-pendant polymers, coated on an
electrode were studied to analyze its electrochemical
and  spectroscopical  properties. Common
electrochromism is based on an electrochemical
reaction, therefore requiring ion-conductors. However,
the image space-selectively generated on a plane
electrode by electrochromism has a disadvantage that
the image may be spreading by the employment of
highly conductive ion-conductor. This is due to a cell
formation between the colored part and uncolored part
through an ien-conductor.

In the present paper, we prepared thermally responsive
polymer electrolyte to restrict the spreading of
electrochromic images at room temperature. The
polymer electrolyte showed good ion-conductivity at
high temperature, but its conductivity dramatically
decreased at room temperature.  This polymer
electrolyte should enable the electrochromic reaction
leading to image formation at high temperature, but any
electrochemical reaction should not proceed at room
temperature.

.Experimental

The solution for the polymer electrolyte was prepared
by mixing polyvinylbutyral (PVB) and suitable amount
of TBAP and PEG in chloroform. TBAP and PEG were
purchased from Kanto Chemical Co. Ltd. and were used
as received. The mixture was cast on a Teflon plate and
was allowed to stand for Shr at 56°C under N, flow and
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further dried at 70°C for 12hr in vacuo. The resulting
film was kept in vacuo before use. The thermal
properties of the polymer electrolyte and chemicals
were studied by Mac-Science DSC system. The
melting point was determined as the top of the
endothermic  peak. The sample for the ionic
conductivity measurement had a disk shape with 1 cm

diameter and 200 ~ 500 pm thickness. The sample was

sandwiched between stainless steel electrodes and was
kept at constant temperature. - lonic conductivity
measurement (ac 10 mV) were carried out with
Solartron 1260 impedance gain phase analyzer (LCR
meter) over the frequency range 10™-10” Hz. The ac
ionic conductivity was calculated from a complex
impedance plot (Cole-Cole plot) with computer curve
fitting. The temperature dependence of conductivity
was determined by temperature-controlled ac
measurement over the range 30-100°C.

Results and discussion

The resulting polymer electrolyte showed the
conductivity of 10® S/cm at 100°C. However, it was
difficult for us to determine the conductivity at the
temperature less than 50°C because the complex
impedance plots were not semi-circle in shape but
scattered. The conductivity at around room temperature
was estimated by direct-current method. The
conductivity at 20°C was estimated to be 10" S/cm,
indicating that the polymer electrolyte clearly showed
the designed properties. The ion-conductive properties
of the polymer electrolyte and the electrochromic
characteristics of the device containing the polymer
electrolyte will be discussed.
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Introduction

There is increasing interest in the chemistry of
organic-inorganic nanocomposites arising from the
insertion of organic species into low dimensional spaces
defined in solid matrices. Fundamental questions related
among others to the chemical recognition and self
assembling  associated to these composites, the
potentially interesting properties of these products as
materials and, more recently, the use of this kind of
hybrids as precursors of tubular nanostructures justify
the enthusiasm for this chemistry. A relevant potential
application of some of these nanocomposites arises from
its behavior as mixed jonic-electronic conducting solids
able to be used in the design of electrode materials.
Examples of these compounds are the intercalates arising
from the insertion of poly(ethylene oxide) (PEO) based
polyelectrolites into molybdenum disulfide in which the
inorganic host and the interlaminar phase are the
responsible of the electron and ion conductivity
respectively. Considering that polyacrylonitrile (PAN)
like PEO has been successfully used in the fabrication of
solid polyelectrolites and that the its intercalation
chemistry is still scarce we have decided to investigate
the synthesis of layered PAN-based nanocomposites. In
this work, we describe the co-intercalation of lithium and
polyacrylonitrile into molybdenum disulfide discussing
both, the effect of the intercalation on the lithium redox
potential and the diffusion of the lithium ion in the
interlaminar spaces of the nanocomposite.

Experimental

A suspension in benzene of Li,MoS; (x > 1), prepared by
reaction of MoS, (Aldrich) with n-butyl lithium (Merck),
was treated under argon atmosphere with two
equivalents of polyacrylonitrile (Aldrich, Mw 140.000)
in the same solvent at room temperature. After stirring
during 24 h the product was separated by centrifugation,
washed three times with benzene and dried under
vacuum. Purity and composition were determined by
powder X-ray diffraction and elemental analysis
respectively. Electrical conductivity and lithium
diffusion coefficients were determined by ac impedance
analysis and galvanostatic pulse-relaxation techniques
respectively.

Results and discussion

The treatment of molybdenum disulfide (activated by
lithium intercalation) with a colloidal suspension of
polyacrylontrile in benzene, thermally or assisted by
microwave dielectric heating, leads to the compound
LoosM0Sy(PAN), . The laminar nature of the product is
confirmed by both Scanning Electron Microscopy and

powder X-ray diffraction analysis. The latter with well
defined 00/ reflections points to a repeat distance of 11.5
A

Table 1. Interlaminar distance (Ac), Electrical
conductivity (o), and Li Chemical Diffusion
Coefficients of PEO and PAN Nanocomposites
Li,MoS,(Polymer).

Compound Ac,  o(298), D(298),
A Seml(m em2s-1 (x)

LiMoS;(PEO)p 160 6.6: 107 (0.1) 45107 (0.4)

Li,MoS;(PAN),; 115 1.1-10%(0.8)  5.9:10"(0.4)

As observed in the Table, the MoS,-PAN nanocomposite
is a mixed ionic-electronic conductor with an electrical
conductivity (10 Scm™) which is about 10° higher than
the pristine MoS;. The electrochemical
deintercalation-intercalation process occurs with in an
average pseudo equilibrium potential range of 2.8 V.
According to lithium jon diffusion coefficients
determined by galvasnostatic relaxation experiments at
room temperature the product is a fast ionic conductor.

Structural features as well as electrochemical properties
of the product are discussed by comparing the behavior
of the product with those of poly(ethylene oxide) and
dialkylamine molybdenum disulfide nanocomposites.

Conclusions

Direct reaction of polyacrylonitrile with molybdenum
disulfide activated by the intercalation of lithium
followed by electrochemical lithium
deintercalation-intercalation experiments leads to a
scries of new polymer electrolytes based the
cointercalation of lithium and PAN in the interlaminar
spaces of MoS,, displaying properties as mixed
ionic-electronic conductors,
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Introduction

The development of new materials that can be applied
as solid electrolytes led to the creation of modern
systems of energy generation and storage [1]. Among
these materials, solid polymer electrolytes (SPE),
generally elastomeric materials containing ions,
represent a promising alternative for the substitution of
liquid electrolytes and inorganic crystals used in
batteries, sensors and eletrochromic devices [2]. Solid
polymeric electrolytes can be constituted by different
systems where plasticized natural polymers can been
found. Osman et al. [3] presented the results of ethylene
carbonate plasticized chitosan acetate that exhibit the
conductivity values of about 10° Scm’. Also the
authors’ recent studies have been directed to show that
natural polymers based on glycerol plasticized
amylopectin rich starch can be modified to obtain solid
polymeric electrolytes [4]. These samples in the
transparent film form showed not only very good ionic
conductivity of about 10* Scm™, but also very good
adherence to the glass and steel surface. Also the SPE
of glycerol plasticized starch was tested in
electrochromic device showing very promissory
performance [5].

Experimental

Solid polymeric electrolytes were obtained by
plastization process of hydroxyethyl cellulose (HEC)
with different quantities of glycerol and addition of
lithium salt (Li(CF3S05)). The samples were obtained in
the transparent film form with very good adhesion
properties. These films were characterized by X-ray
diffraction, thermal analysis (DSC) and UV-NIR
spectroscopy. The ionic conductivity measurements
were obtained by impedance complex spectroscopy as a
function of salt contents and as a function of
temperature,

Results and discussion

As it can be observed by X-ray diffraction
measurements the semi-crystalline structure of HEC is
evidenced by large band centered at Bragg angle
20=20". The same band but a little more sharp is
observed for the cellulose samples [6]. The addition of
plasticizer, like glycerol in different quantities, modifies
the structure of the samples. The diffractogramms
became more large but still centered at 20=20°
indicating that the structure seems to be more

* Author to whom all correspondence should be addressed
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amorphous. The presence of lithium salt in the samples
is not observed in these diffractogramms suggesting that
all Li(CF;SO,) was totally dissolved by the system.
From ionic conductivity measurements it can be
observed that the conductivity values increases with the
increasing of the plasticizer quantity up to 48% then the
conductivity return to decrease. So it can be stated that
the sample with 12% of glycerol and containing
6[O)/[Li] exhibit the ionic conductivity value of about
1.26:10° S/em at 30°C and this value increase up to
1.07-10"* S/cm for the sample with 48% of glycerol and
the same quantity of salt. The sample with 60% of
glycerol and the smaller Tg exhibit the conductivity of
2.11-10°* S/cm. This decrease in the conductivity values
can be due to the large quantity of plasticizant that
probably promotes the polymer/plasticizant phase
separation [7]. The conductivity values of the sample
containing 48% of glycerol was in the range of other
solid polymeric electrolytes based on polysaccharides
plasticized systems like for example starch plasticized
with glycerol

Conclusions

It was observed that the increase of quantity of glycerol
in the samples up to 48% promote the increase of the
conductivity values reaching 1.07-10"° S/cm at 30°C and
1.06 10 S/cm at 83°C for the sample with [O}/[Li] = 6.
These results show that plasticized HEC is very good
material to be used for preparation of new solid
polymeric electrolytes.
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Introduction

Solid polymer electrolytes (SPEs) have potential
applications in many solid electrochemical devices such
as solid state lithium-polymer-batteries [1-3]. The ideal
solid polymer electrolyte material for these devices
would not only have relatively high ionic conductivity
in the solid state but also have characteristic properties
such as high mechanical strength, processability and
flexibility. To satisfy these rigorous performance
requirements researchers have explored the design of
solid electrolytes from block copolymers [4-16], which
consist of covalently-bonded two chemically dissimilar
polymer segments. A polymer having a high glass
trasission temperature (7g) is chosen as one of the
polymer segments because it gives high mechanical
strength to SPE. The other segment should have low Tg
and high Li salt solubility because it gives high ionic
conductivity to SPE.

In this study, we propose a solid polymer electrolyte
prepared from & hyper-branched graft copolymer
synthesized by atom transfer radical polymerization
(ATRP) as one of strategies for preparation of a high
performance SPE having high ionic conductivity as well
as high mechanical strength. A macroinitiator of
poly(MMA-co-CMS) for ATRP is prepared by
copolymerization of methyl methacrylate (MMA) and
chloromethylstyrene (CMS). A hyper-branched graft
copolymer of PMMA-g-POEM, (x=5 or 9), which
chemical structure is shown in Figure 1, is synthesized
using ATRP by grafting POEM, side chains on the
macro-initiator. SPEs are prepared from the polymer,
LiCIO, and PEG changing PEG content. The
dependence of PEG content on the mechanical strength
and ionic conductivity of the SPEs is investigated.

o
Q

CHy

Fig. 1 Chemical structure of the hyper-branched graft
copolymer synthesized in this study.
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Experimental

A macroinitiator of poly(MMA-co-CMS) for ATRP was
prepared by co-polymerization of MMA and CMS by a
conventional radical polymerization. The synthesis was
performed as follows: Initially, as-received MMA and CMS
monomers (MMA:CMS ratio = x:1 on a molar basis, x=25,
50, 100, 200) were dissolved into toluene. The system was
purged for 30 min with argon, end then the initiator, 2,2>-
azobisisobutyronitrile, was injected with a monomer:initiator
ratio 0f 2000:1 on a molar basis. The synthesis was conducted
at 70°C. After the reaction, the polymer was precipitated in
methanol and was dried in vacuum to constant weight.

The poly(MMA-co-CMS) copolymer was dissolved in 1-
methyl-2-pyrrolidinone (Aldrich) solvent and poly(ethylene
glycol) methyl ether methacrylate, referred to herein as
poly[(oxyethylene), methacrylate] (POEM,) macromonomer
was added to the solution. We used two types of POEM
(POEM;, Mn= 300g/mol: Aldrich) and (POEM,, Mn=
475g/mol: Aldrich). The system was purged for 30 min with
argon, and then copper chloride (Kanto Chem. Co. Inc.) and
4,4’-dimethy]-2,2’-dipyridyl (Aldrich) were added. The
reaction was carried out at 90°C. The resulting hyper-branched
graft copolymer was precipitated in petroleum ether/ethanol -
solvent and was dried in vacuum to constant weight.

Gel  permeation  chromatography (GPC) of the
macroinitiator: poly(MMA-co-CMS) was conducted at 30°C
in THF at a flow rate of ImL/min, using a HPLC pump
{JASCO PU-980), GPC columns (Shodex KD-804 and KD-
805) and a refractive index detector (JASCO R1-2031 plus)
with an auto sampler (JASCO AS-2055 plus). The data were
analyzed by a personal computer running commercially
available software (System Instrument Co. 480!1 data station)
to estimate the molecular weight and molecular weight
distribution of the macroinitiators.

Nuclear magnetic resonance (NMR) spectra  were
performed on the macroinitiators and the graft copolymers
using a spectrometer for 'H (JEOL JNM-EX270 FT NMR
system). CDCI; was used as the solvent and tetramethylsilane
as an internal standard. The data were analyzed using
commercially available software (JEOL DATUM LTD.
ALICE2) to estimate the CMS content in the macroinitiators
and POEM content in the graft copolymers.

A solid polymer electrolyte (SPE) was made by casting a
tetrafydrofuran  solution of the hyper branched graft
copolymers, LiClO, (Wako Pure Chemicals Ind., Ltd.) and
poly(ethylenglycol dimethylether) [Mn=250, PEG, MERCK)
on Teflon sheet and by drying it at 30°C for 24h. Li*:[EO]
ratio in all the SPEs is 1:10. )

The electrical conductivity at 23°C was determined by
impedance spectroscopy using a chemical impedance meter
(HIOKI 3532-80) controlled by a personal computer.

The mechanical strength of the SPEs was determined with a
table model-testing machine (SHIMAZU, EZ-Test500N). In
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the static stress-strain curves, specimens with a nominal 20-
mm-gauge length and 0.2-mm thickness were deformed in
tension at a constant steain rate of 10mm/min at 25°C, and
stress-strain data were determined to failure.

Results and discussion

We synthesized a copolymer of poly(MMA-co -CMS) as a
macroinitiastor of ATRP changing their MMA/CMS
composition. The NMR spectrum of one of the copolymers
has signals at 3.6 and 4.5 ppm corresponding to the methoxy
group of the PMMA segment and the benzyl chloride groups,
respectively. We  calculated CMS  composition in the
macroinitiator using the ratio of the integrated areas of the
methoxy group to that of the benzy! chloride groups. The
CMS composition in the macroinitiators has a good
correlation with CMS composition in feed. This means that
the average length between the graft chains in the proposed
structure of the graft copolymer can be controlled by changing
the MMA/CMS ratio in the copolymerization of the
macroinitiator. The GPC data show that the molecular weight
and molecular weight distribution of the macroinitiators are
Mn=19,000 and Mw/Mn=2.46, respectively.

The copolymers contain functional benzyl chloride groups,
which are able to initiate the ATRP of POEM. The 'H NMR
spectroscopic analysis of one of the hyper branched graft-
polymer  confirms the proposed structure of the graft
copolymer: Grafting of POEM to the poly(MMA-co-CMS)
macroinitiator resulted in the appearance of peaks in the
region of 3.2-4.3 ppm\ due to the O-CH, bonding
environments in the methacrylate and PEO moieties of
POEM. We calculated POEM composition in the graft
copolymer using the ratio of the integrated areas of the
methoxy group to that of PEO moicties of POEM. In the 'H
NMR spectra of the graft copolymer, the signal at 4.5 ppm
corresponding to the initial benzyl chloride groups of the
macroinitiators disappeared. Therefore, it is assumed that the
efficiency of the macroinitiator was close to 100%.

Solid polymer electrolytes (SPEs) were made from the
hyper branched graft-polymers containing POEM;s or POEM,
LiClO, and poly ethylene glycol dimethylether (PEG),
changing PEG content. The tensile strength and Young's
modulus of the SPEs using the POEM; graft-polymer decrease
with increasing PEG content. The SPE containing 20wt% of
PEG has 0.5MPa of tensile strength. The mechanical strength
of the SPE prepared from the POEM, graft-polymer has
almost same values as that from the POEM; graft-polymer.
These results indicate that the SPEs have enough mechanical
strength for solid state polymer batteries.

The ionic conductivity of SPEs at 23°C as a function of
PEG content. The ionic conductivity of the two SPEs
increases with increasing PEG content. The jonic conductivity
of the SPE made from POEM; has higher values than that
from POEMj, because of the high POEM content. The value of
the ionic conductivity of the SPE made from POEM; is 6.0%
10°% S/cm at 23°C.

Conclusions

We synthesized a hyper-branched graft polymer
synthesized by graft polymerization of poly(MMA-co-CMS)
macroinitiator on POEM macromonomer using ATRP. The

'H NMR spectroscopic analysis of the hyper branched graft
copolymer confirms the proposed structure of the graft
copolymer. Solid polymer electrolytes were prepared from the
polymer obtained, LiClO; and polyethylene glycol
dimethylether (PEG), changing PEG content. Although both
the tensile strength and Young's modulus decrease with
increasing PEG content, the tensile strength has 0.5MPa even
when PEG content is 20wt%. The ionic conductivity of the
SPEs increasing with PEG content is 6.0x10°* S/cm at room
temperatures. These results indicate that a SPE prepared from
the hyper-branched graft copolymer has potential to be
applied to a solid polymer electrolyte.
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Introduction

The modification of polymer properties by the
addition of another material, that is, a filler, have been
studied for many years. Common fillers such as glass
fibers, carbon fibers and carbon black, pigments and
minerals, including silicates, are used to modify the
macroscopic properties of the polymer. In recent years,
a new class of materials have been developed by
dispersing layered silicates with polymers at the
nanoscale level. These new materials have attracted
wide interest because they often exhibit chemical and
physical characteristics that are very different from the
starting material {1, 2]. In some cases, the silicates and
polymers exist as alternating layers of inorganic and
organic [3]. The possibility of improved mechanical,
rheological, electrical, and optical properties and the
ability to exercise control over existing physical and
chemical behavior have led to a large number of studies
of these materials, including composites of layer silicate
clays with polyethylene oxide (PEO), epoxy resin,
polystyrene, and a range of other thermoplastics and
elastomers,

It is known that polymer electrolytes exhibit
high conductivity only in the absence of a crystalline
phase, which impedes the transport of ions, and only at
temperatures  well  above the glass-transition
temperature (Tg). A number of methods have been
used to prepare totally amorphous polymers of high
conductivity, including random copolymers or branched
block copolymers. However, the mechanical strength
of these polymers is often poor because of their low
transition temperatures. Mechanical strength can be
maintained by crosslinking of the polymer chains, but
this comes at the expense of reduced conductivity,
Another approach to increasing conductivity is to
incorporate low molecular weight plasticizers into the
polymer.

Nanocomposite materials of PEO and
phyllosilicates were first suggested by Ruiz-Hitzky and
Aranda [4] as candidates for polymer electrolytes.
Within these materials, the polymer chains are
intercalated between the silicate layers. The polymer
chains then provide a mobile matrix in which cations
are able to move. A considerable amount of interest has
been shown in nanocompositess of PEO and
montmorillonite, a layered aluminosilicate clay. When
this composite contains LiBF,, it displays conductivities
up to 2 orders of magnitude larger than that of PEO
itself at ambient temperatures. However, the addition of
lithium salts, which is needed to obtain such
conductivity values, is not desirable for two reasons; the
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first one relates to a more complicated synthetic route
and the second relates to the fact that transference
numbers are not unity since in this case both cations and
anions move.

We have prepared a series of nanocomposites
containing PEO intercalated in the layers of hectorite
clays. These clays, also called phyllosilicates, belong to
the family of smectite clay minerals. They are
composed of two tetrahedral silicate layers sandwiching
a central octahedral layer in a so-called 2:1
arrangement. In hectorite, isomorphous substitutions in
the lattice of Li(I) for Mg (II) in the octahedral layers
cause an overall negative charge that is compensated by
the presence of interlayer, or gallery, cations. A
significant amount of interlayer water is also present
and the cations are easily exchangeable. A large degrec
of preferential orientation in films prepared by natural
occurring clays tends to occur, however, due to their
large platelet size (up to 1 pum). This can lead to non-
conducting planes being perpendicular to the current
path and thus reduce the conductivity. To avoid this
problem, we followed a method developed by Carrado
et al. [1] which involves direct hydrothermal synthesis
and crystallization of hectorite with smaller platelet
size, termed synthetic lithium hectorite (SLH). Organic
molecules can be either incorporated directly from the
gel or by subsequent intercalation. Figure 1 shows a
schematic structure of intercalated PEQ in a SLH. The
circles in the gallery represent Li ions,

Experimental

Preparation of the SLH clay via hydrothermal
crystallization at 100 T of silica sol, magnesium
hydroxide, and lithium fluoride can be found in detail in
reference 1. In brief, precursor clay gels are of the
composition: 1.32 LiF, 5.3 Mg(OH),, 8 Si0,, n H,0, to
correlate with the ideal hectorite composition of
Lip 66[Lio.csMgs345150:0(0H,F)g]. A typical reaction
begins by suspending the LiF with stirring in water.
Separately, MgCl,.6H,0 is dissolved in water and
mixed with 2 N NH,OH to crystallize fresh Mg(OH),.
Prior to use, this brucite source must be washed several
times with water to remove excess ions. It is then added
wet to the LiF solution. This slurry is stirred for 15-30
min before addition of silica sol (ludox HS-30, Na*-
stabilized, 30%). The total volume is increased to
afford a 2 wt% solids suspension, and is stirred and
refluxed for 40-48 hours. Solids are isolated by
centrifugation, washed, and air-dried.

Colloidal suspensions of 1 g SLH/100 ml de-
ionized water were stirred for one-half hour. The
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desired amount of PEOQ (100 000 average molecular
weight, from Aldrich) was then added, and the mixture
stirred for 24 hours. Mixtures contained 0.6, 0.8, 1.0,
and 1.2 g of PEO/g of clay. Films were prepared by
puddle-casting the slurries onto Teflon-coated glass
plates and air-drying. Further drying was carried out at
120 °C under an inert atmosphere for at least 48 hours.
The typical thickness of the films is about 40 um.

X-ray powder diffraction (XRD) patterns of SLH and
PEO powders were determined using a Rigaku
Miniflex, with Cu Ka radiation and a Nal detector at a
scan rate of 0.5° 20/min and step size of 0.05.

AC impedance measurements as a function of
temperature were obtained on films in sealed cells with
lithium foil as the counter and working electrode, using
a Solartron SI 1256 electrochemical interface and 1254
frequency response analyzer. A Tenney Junior
Environmental Test Chamber was used to control the
temperature of the cell with a precision of + 0.5C.
Transmission electron microscopy (TEM) was
performed in a JEOL 100CXII Transmission Electron
Microscope operating at 100kV. Approximately 0.2
mL of 1:1 PEO/SLH slurry was placed into a vial and
sonicated for 30 seconds. Copper grids were then
dipped into the resulting slurry. The Cu grids were
allowed to dry for 2 hours in a vacuum oven at 100C.
Once dry, the grids were inserted into non-tilt holders
and loaded into the instrument. Scale markers placed on
the micrographs are accurate to within three percent.

Results and Discussion

Figure 1 shows a TEM of a film made of
synthetic lithium hectorite (SLH) and PEO 1:1 mass
ratio. The silica precursor is a Ludox solution (HS-30).
Spheres of SiO, are clearly seen throughout the
background. The average sphere diameter is about 12-
15 nm (see scale bar on the bottom left). The chemical,
physical, and electrochemical properties of this
membrane have been published elsewhere (1, 2).

Figure 1: TEM of a SLH:PEO 1:1
ratio nanocomposite film.

Figure 2 shows the cole-cole impedance plot of
a nanocomposite membrane prepared with a Ludox
TM-40 solution in water. The conductivity
measurements were  performed  using  lithium
electrolytes and the bulk resistance was obtained from
the high frequency semicircle. As indicated in the
Figure 2a, the charge transfer resistance decreases as the
film is heated, but the bulk resistance remains almost
constant (Figure 2b).
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Figure 2: Cole-cole impedance plots of a film made
of SLH:PEO 1:1 ratio nanocomposite film (Ludox
TM-40 in water was the silica precursor).

Conclusions

From the Arrhenius conductivity plots (not
shown), it is observed that for all the clay to polymer
ratios, the higher conductivity is obtained for those
membranes made with TM-40 as the precursor. The
diameter of the SiO, for this precursor is about 25 nm
by TEM. Membranes made with TEOS as the Si
precursor, exhibited a conductivity two orders of
magnitude lower than other Si precursor. It is clear by
TEM that there are no SiO; spheres present. It is clear
that the SiO; plays an important role in the conductivity
of these materials.
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Introduction
To predict the conductivity value of the composite
system one can take into consideration the assumption
of the oversimplified filler-matrix interaction
mechanism and obtain the concentration - conductivity
dependence consisting of three different regions. In the
small filler concentration range almost no change of the
conductivity is observed in comparison with the pristine
system as the point of the percolation threshold is not
yet achieved. At some point the conductivity of the
system raises dramatically (a few orders of magnitude).
The second area corresponds to the slow conductivity
drop due to the dilution effect of the filler. Finally an
abrupt decay is observed at the point in which the
polymer matrix loses its continuity and the conductivity
paths are blocked by the inert filler grains. This
dependency can be easily obtained by the means of the
Effective Medium Theory. This model has some
disadvantages which limit its applicability:

1. Assumption that all grains are identical in

respect to their shape and size,

2. A lack of mixing rule for grain shapes different ]

form spherical.
3. A need of percolation threshold determination
for each particular grain shape.
4. Assumption that the t/R ratio is constant.
5. Assumption of shell uniformity and no
conductivity distribution is observed within it.
6. Assumption of ideally even distribution of
composite grains.
To overcome these limitations a Random Resistor
Network can be applied to simulate the electrical
behavior of the composite.
Random Resistor Network (RRN) approach to
modelling the samiple propérties is very versatile[1-3].
When applied to the electrical properties of matter the
method is based on converting first the sample into its
virtual image and later the image into two or three
dimensional network of resistivities. The values of the
elementary units correspond to the properties of the
particular components of the composite. Most published
research [4-6] works with so-called binary systems
which are mixtures of two types of units, one being the
insulator and the other being the conductor. The
branches can be treated either as a resistor (path) or an
insulator (break). In the results generated by this type of
models an abrupt conductivity increase due to the
percolation threshold can be observed for a particular
contents of the conductive elements. Conductivity of
inorganic composite electrolytes based on Lil/ALO; and
CuCVALO; was simulated {4] assuming ‘network
geometry based on restrictions similar to those valid
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also for the polymeric electrolytes. The highly
conductive layer here is also built on the grain-matrix

" border. Nodes of the network can be attributed to one of

the two possible states. The resistivity of the branch
between nodes is calculated taking into consideration
the type of both end nodes. If both are occupied the
current flow is closed if both are empty the branch
represents a conductor and finally the branch with ends
of different types is attributed to the element of high
conductivity (shell).

The model proposed by us for the composite polymeric
electrolyte is much more complicated. Firstly the
thickness of the shell varies and is larger than the single
network cell. It depends on the grain filler type, size and
sample composition. Secondly one miust also assume
that the highly conductive shell is non-isotropic. First
(Fig. 1a) the continuous model is generated by the
insertion of virtual grains into the matrix. Random
insertion is continued until the assumed volume
fraction of the filler is achicved. In the second step (Fig.
1b) the virtual sample is divided into cells which are
later treated as filled with uniform material. Finally, (c)
a three-dimensional network of elementary resistances
R,is created.

D) b} <)

N

The network nodes are localized in the centers of all
units. In the second stage the algorithm finds the overall
value of sample electrical parameters using a
modification of the method introduced by Kirkpatrick
[6]. The rules of energy and charge preservation lead to
two basic equations (1) and (2):

J(r) = o(r)grad¥(r) ' m
gradi(r)=0 )

where j(r) is current density, V(r) is electrical potential
and o (1) is electrical conductivity or admittance of celt
number r. An iteration algorithm is used to solve the
network. In each step the potentials of the nodes are
changed to achieve a situation when for each node
incoming current is equal to the outgoing (preservation
of the Kirchoff’s laws).

To calculate the effective resistivity one must find the
overall current coming through the sample and thus the
current coming through any of the perpendicular layers
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of nodes in the sample. This value can be obtained by
the addition of all elementary currents in - branch
tesistors connecting all the nodes of two neighboring
layers. In the stationary condition the first Kirchoff’s
Jaw must me obeyed for each node (3).

31,=0 )
{

Experimental

The calculations were performed on an Inte!® Pentium™
4 PC computer with a Slackware GNU/Linux system
installed. 'C++ was used for code generation. GNU C
compiler was used to obtain the executables. The
calculation times were in the range of two-three days
for a set of data starting form 5 v/v% up to about 40
viv% of the nonconductive additive. For most
calculations the matrix size was equal to 100x100x100
and was limited by the calculation times. The
conductivity of the pure polymer was equal to 1x10°®
Semt’!, grain 1x10" Sem™, while the maximal
conductivity of the shell was 1x10*Sem™.

" Results
Fig 2 shows conductivity dependencies observed for the
constant filler grain diameter d=5 om and for different
shell thicknesses (t).
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The increase of t leads to an increase of maximum
conductivity value together with shifting the maximum
to lower filler amounts. Also the shape of the curve
changes and becomes sharper. Interesting phenomenon
can be obscrved for filler amounts much higher than the
ones corresponding to the maximal conductivity value.
In this region curves overlay onc another. This can
attributed to the obscrvation that here there is no more
unmodified matrix present and the sample is filled only
with grains and shells. The phase composition and thus

conductivity of the sample is independent of the t
parameter and related only to the amount of the filler
added.

The sample conductivity first raises with the increase of
the filler amount. Above the filler concentration
characteristic for the conductivity maximum a linear
decrease is observed due to the dilution effect. The
larger the grain is the smaller the conductivity values
are. The maximum is also flater and is located at higher
grain concentrations. For really large grains d = 11 and
small =3 values the maximum can not be obscrved in
the studied concentration range.

Conclusions

The Random Resistor Network approach was
successfully applied to conductivity calculation for
composite polymeric electrolytes. The calculated value
of conductivity in general follows the phase content
changes in the sample. For small amounts of filler the
value of conductivity increases with the increase of
highly conductive shells contents. The maximum of
conductivity is reached when the whole sample volume
disregarding the part attributed to the grains is filled
with the shells. The following decrease is related to the
dilution of shell material with the grains and eventually
with deterioration of conductivity in the shells
according to the spatia! distribution. The smaller are the
grains (for constant thickness of the layer) the higher
conductivity maximum is achieved for lower filler
amounts. Analogically, for the constant grain diameter
the increase of shell thickness leads to a conductivity
increase. The proposed approach can be easily extended
by the introduction of the non-spherical grain shapes,
conductivity distribution within the layer and by the
exchange of the direct current conductivity to the
complex impedance to simulate the dielectric response
of the composite.
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Introduction

Many studies have focused on the enhancement of ionic
conductivities of polymer electrolytes, most of them,
due to their strong solvating ability, performed on
poly(oxyethylene) (POE) and its copolymers. For safety
and performances reasons, polymer electrolytes must
exhibit high mechanical performances. It was early
assumed that jonic conductivity requires an amorphous
character of polymer electrolytes', which unfortunately
leads to poor mechanical properties. An improvement in
mechanical behavior can be usually achieved using
cross-linked polymers. However obtaining suitable
mechanical properties requires a high cross-linking
density which results in a clear conductivity decrease.
Alternatively, gain in mechanical properties, using o-
AlLO, fillers has also been reportedz.

In the present work tunicin whiskers were used as
reinforcing phase in an amorphous POE cross-linked
polycondensate®.  The performances of the
nanocomposite electrolyte were analyzed in terms of
both conductivity and mechanical behavior. These
performances were compared to those obtained for
unfilled cross-linked polyethers matrices exhibiting
several cross-linking densities.

Experimental

An unsaturated polyether was synthesized by reaction
of a,e-dihydroxyoligopoly(oxyethylene) with a
dihalide isobutenyl compound according to the reaction
previously described®. The nanocomposite was prepared
by UV radiation curing in argon atmosphere. A
homogenous  suspension  was  obtained  in
Dimethylformamide by mixing the polymer and the
suspension of whiskers. The lithium salt, LiTFSI was
added by swelling the cross-linked films with a
concentrated solution of salt in acetonitrile.

Results and discussion

Spectacular improvement of the tensile modulus was
observed at high temperature with 6 wit% of whiskers
(Figure 1) with a value of 22 MPa, up to, at least,
150°C, for the nanocomposite electrolyte. We compare
the mechanical reinforcing effect provides by either the
cross-linking of the polymer or the loading with tunicin
whiskers. The tensile modulus obtained with filled
electrolyte is more than one order of magnitude higher
(22 MPa vs 2 MPa) than that obtained for the highly
cross-linked, but unfilled, electrolyte.

9th International Symposium on Polymer Electrolytes

Figure 1: Storage tensile modulus E' vs. temperature at
1 Hz: unfilled electrolyte (O/Li = 12) (x), salt-free filled
polymer with 6 wt% tunicin whiskers (A) and
electrolyte (O/Li=12) filled with 6 wit% tunicin
whiskers (¢).

The conductivity performances are not affected by the
incorporation of a low amount of whiskers (Figure 2).
The conductivity of the unfilled electrolyte with a high
cross-linking density is lower, in relation to the decrease
in the polymer chain mobility.
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Figure 2: Jonic conductivity for composite (O/Li = 12)
electrolytes filled with 0 (0), 6 (Y) and 10 wt% (¢) of
tunicin whiskers and the highly cross-linked unfilled
electrolyte (V). :
Conclusions

The use of nanocomposite polymer electrolytes allows,
for the first time since the discovery of polymer
electrolytes', high ionic conductivities and very high
mechanical strength to be conciliated.
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Introduction

The increasingly important role of supercritical fluids
(SCFs) in polymer science is well known. Compressed
gas based techniques are revealing their great potential
in the field of polymer processing to modulate the
physical-chemical properties of macromolecular
materials. The liquid-like density and gas-like low
viscosity of SCFs are at the basis of many high pressure
solvent-free processes for versatile synthesis and
modification of polymers. CO, is usually the candidate
of choice among the SCFs for its easily accessible
critical point (T=31.8 °C, P~74 bar). Some
remarkable effects of compressed gases in a polymer
matrix were observed such as swelling, plasticization
and lowering of the glass transition temperature (T).
Kwak et al. [2] have proposed an interesting crossover
between the area of SCFs and the field of polymer
electrolytes (PEs). These authors have reported that the
conductivity of amorphous PEs of the (PMEO,-
LiCF;S0;) type is improved by treatment with
supercritical CO,, of about one order of magnitude. This
finding come along a huge research effort undertaken to
find alternative paths to increase the conductivity in
PEs. In this contribution we bring together the
promising results obtained from the investigation of
hybrid inorganic-organic PEs and the effect of CO, on
the structure and the conductivity of electrolytic
complexes. We focus on the comparison between the
CO, activity in two series (eleven complexes each) of
hybrid inorganic-organic PEs of the ORMOCERs-APE
(ORgannically MOdified CERamics As Polymer
Electrolytes)  type, with  general  formula:
[AI[(CH;CH,0)5.671),/(LiC104),), (1.85<p<2.24,0<
z < 1.06) and [Zr[(CH2CH20)s,671]p/(LiClO4)z].,
(1.80£p<1.99,0<z<0.90).

Experimental

The investigated PEs were synthesized as previously
reported and treated with high pressure CO, for 1.5
hours under 20°C and 5 MPa. The samples thus
obtained were studied by differential scanning
calorimetry (DSC) in the range ~80-120 °C and Broad
Band Dielectric Spectroscopy between 40Hz and 10Mz.
The effects of CO, treatment on the PEs were
investigated by impedance spectroscopy in the 40 Hz —
1 MHz range from ~80° to 120°C. A detailed
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vibrational study (FT-IR and FT-Raman) was also
carried out before and after the treatment.

Results and discussion

Both complexes [AI[(CH,CH,0)36111/(LiC10,),], and
[Z{[(CH,CH,0)611)o/(LiCIOs),),  afier €O, -
treatment exhibit a change in the o-relaxation with
respect to the untreated samples. This phenomenon has
been interpreted in terms of a change in the polymeric
conformation as confirmed by vibrational spectroscopy.
The CO, treatment lower the conductivity of
[AI[(CH,CH,0)p 611 Jo/(LiCI0,),)n  complexes of about
one order of magnitude, as opposed to
[Zt[(CH,CH,0)5.61)/(LiC104),), complexes, where an
increment by two orders of magnitude is observed. In
both cases the conductivity of the untreated materials
versus the reciprocal absolute temperatire presents the
typical Vogel-Tamman-Fulcher (VTF) behavior. On the
other hand the treated samples show more complex
profiles that require interpolation with both VTF and
Arrhenius equations. The different effect on the
conductivities of the treated complexes is explained in
terms of the modified anion-trapping ability of Al and
Zr centers and in terms of structural rearrangements
produced by supercritical CO,,

Conclusions

The CO, treatment on inorganic-organic polymer
electrolytes of the ORMOCERSs-APE type containing
Al and Zr has a dramatic effect on conductivity. An
increase is observed in the case of Zr and a decrease in
the case of Al The specific Lewis character of the
inorganic elements in the materials and the structural
modifications induced by the treatment determines the
sign of the CO, effect.
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Introduction

Gel electrolytes arc an attractive alternative for many
applications especially lithium ion batterics [1]. They
reduce the risk of leakage and have the ability to
maintain interfacial contact during charging and
discharging.

The ionic conductivitics of gels, however, is still not
idcal for gencral practical application [2]. The use of ion
dissociating additives has been shown to further enhance
the ionic conductivity and the mobility of the lithium ion
into the rcalm of practical application. Previous work has
shown that ionic liquids act as good dissociators in
polyelectrolyte [3], however ionic liquids some limiting
characteristics steaming from thc component jons
migrating with the potential gradicnt leading to a lcss
than unity transport of target ions. This equates to a
reduced current density and hence rate capability of the
device [4]. Zwitterioic compounds arc “ncutral”
molecules as the cation and an anion are covalently
tethcred together thereforc  migration is  minimized
making thesc compounds excellent solvents for
clectrochemical applications[5].

Experimental

This work investigates the usc of additives such as nano-
particulatc filler and zwittcrionic compounds in a range
of electrolytes for use in electrochemical devices. Ionic
conductivity, "Li and 'H diffusion have been used to
investigate the cffect these ion dissociators have on the
jonic transport propertics of the electrolyte. Cyclic
voltammetry and cycling efficicncy experiments were
also preformed to asscss the materials performance under
cell conditions.

Results and discussion

Figurc 1 shows an enhancement in the ionic conductivity
of the well studicd polyclectrolyte system poly(Li-
AMPS) with the addition of both TiO, and zwitterion. It
can be scen from this figure that both dissociators arc
capable of ionic conductivity cnhancements with
complementary bchaviour being observed when both
dissociators arc present in the system.

Conclusions

The data presented shows how the addition of both
zwitterion and filler to a PC bascd system has a clear
additive effect with the ionic conductivity being
increased by a factor of six.
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Introduction

Composite polymer electrolytes have been under wide
investigation[1], due to the interest in their application
in ambient and moderate temperature lithium or
lithium jon batteries[2]. The cell efficiency is strictly
related to the ion transport rate. It is therefore
important to have knowledge of the ion transference
number and salt diffusion coefficient, as well as the
ionic conductivity while measurement of these
parameters has been hindered by the lack of a simple
technique.

In most systems based on polymer solvent the salt is
usually not completely dissociated which is caused by
a combination of low electrical permittivity of the
solvent and the relatively high salt concentration.

If the salt isn't fully dissociated a series of equilibria
exist and some associated species as ion-pairs, triplets
and higher aggregates are formed. All of them may be
mobile in the electrolyte and affect summary charge
transport. In lithium batteries the electrodes are active
only towards one of the ion constituents and blocking
towards the others. So the assumption is that the cation
is the electrode active specie.

Composite polymer electrolyte can be conceived as a
system composed of three components: a polymer
matrix, for example, polyethylene oxide (PEO); a
source of lithium cation like LiX salts (LiClO4, LiBF,
LiPF¢ or others) and a filler, TiO,, SiO;, ALO; etc.
Small amount of microsize powder in polymer
electrolyte may lead to enhancement in system
conductivity[3][4]{5}. It has been also shown that the
achieved conductivity enhancement depends on the
type of surface Lewis acid groups of the aluminum
oxide additives[6].

In the case when ion association appear it is impossible
to distinguish between simple ions and other charged
species. Instead, total material transfer or total current
is determined. Therefore, an observable quantity relies
on the transfer of an ion constituent and not free ion.
The quantity is called the transference number.
Because the transference number is based on the
transport of the gram-equivalent one faraday of matter
with one Faraday of charge flow. Thus the sum of the
transference numbers for all possible charge carriers
must be equal to unity:

Z", t,=1
Several methods have been employed for measuring
the transference number. Ideally the obtained values of
the transference number should be independent of the
measurement method but each measurement is based
on different assumptions and dependent on the
electrolyte system thus will yield different values. The
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discrepancies can be explained by invalid assumptions
made in the analyzes, including not accounting for the
concentration dependence of transport propetties or the
assumption of an ideal solution.
Newman's the idea of the method [8] is to measure a
complete set of transport properties like conductivity,
the salt diffusion coefficient and cation transference
number.
The advantage of the method is that it does not require
that the solution be dilute and ideal.
To determine individual transport properties following
measurements were performed:
conductivity - standard impedance measurement;
salt diffusion coefficient - restricted diffusion
measurement;
cation transference number — concentration cell OCV
measurements and symmetric cell polarization
Because of non-ideal solution to measure transference
number it is necessary to set two independent
experiments.
First the OCV of the concentration cell:
M|PEOMX|PEO,MX|M

was measured and then symmetric cell:

M[PEO,MXM
was polarized and OCV registered.
Combining all measurements gives ability to determine
complete transport prqpenies set.

Results

In the present work a range of transport properties such
as conductivity, diffusion coefficient and cation
transference number of sample series of different filler
type addition is determined.

The studied system was based on low molecular
weight poly(ethylene oxide) — the PEO-DME
(Mw=500)-LiClO.. It was choosen because it is liquid
which makes synthesis and further operation easear
and it is chemical analoge to high molecular weight
polyethers.

Salt concentration varies from le? to 1.5 mol*kg"'
while alumina addition remains constant (10% mass)
respectively to poly(ethylene oxide) quantity.

Conductivity studies are coupled to viscosity
experiments, which helps to determine jonic
associations on the basis of the Fuoss-Krauss
formalism.

Changes in transference number values correspond
with changes of free ions and ion triplets formation
while changes in conductivity are coupled with
diffusion coefficient. Cation transference number (t.)
strongly depends on number of free ions and ion
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triplets in system. The t, value is positive in wide
concentration range and decreases with increasing salt
concentration without a maximum value. The t, value
is negative for the highest salt concentration.
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Introduction

In the last decades, there were strong efforts in
developing  rechargeable lithium batteries  with
polymeric binders and electrolytes. These battery types
have great advantages in safety and shaping aspects as
compared to lithium ion batteries. Most of the concepts
therefore are based on the extraction of plasticizers by
solvents in the formed stack and adding the conducting
salt solution afterwards (Bellcore-technique, e.g., [1]).
In this abstract, the addition of highly porous pigments
on silica basis to an inorganic-organic hybrid polymer
as a binder is described. The porous electrolyte formed
by this procedure can be filled without any extraction
step with the conducting salt solution. The influence of
pigment pretreatment on the particle surfaces, the
degree of filling of the binder, and the electrochemical
properties are described.

Experimental

Silica-based particles with a specific surface of about
300 m¥g and particle size of about § (Merck:
LiChrospher®) and 10 um (Merck: Pharmprep®) were
used. These particles were coated with hydrolyzed /
polycondensated dimethyldiethoxysilane (DMDS), 3-
glycidoxypropyltrimethoxysilane (GLYMO), and a
polyethersilane (PES) (silane A1230, GE silicone),
respectively. The ratio between the pigments and the
coating material was varied and the effect on the
particle surface investigated by BET. The coated and
uncoated pigments were mixed into an inorganic-
organic hybrid polymer based on GLYMO and
trivinylethoxysilane [2]. The pigmented binders were
pressed into pellets and cured at temperatures between
100 and 150 °C. These pellets were investigated by
BET and SEM and saturated with LiPF, dissolved in
ethyl- / dimethylcarbonate solution (LP 50, Merck). The
conductivities of these saturated pellets were measured
by impedance spectroscopy (Solartron SI 1260).
Results and discussion

The specific surface of the coated pigments show only a
slight decrease of about 20 % at molar ratios between
25 and 5 of pigment to coating silane. At lower ratios,
the specific surface decreases drastically. Therefore,
further investigations were performed at a molar ratio of
9. SEM investigations show no significant morpholo-
gical differences between the three different types of
coatings applied. Significant changes of the chemical
behavior are observed between DMDS (hydrophobic)
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on the one side, and the GLYMO (hydro-philic plus
reactive coating) and PES (hydrophilic) on the other
side: The DMDS coated pigments showed a reduced
bulk density as compared to the other ones due to
reduced particle-particle interactions. This is also
reflected in the behavior upon incorporation into the in-
organic-organic polymer and addition of the conducting
salt solution, Only 40 mass-% of hydrophobized pig-
ments can be added to the binder, whereas about 90
mass-% are possible with the other, more hydrophilic
ones. The pellets fabricated are saturated with the Li salt
solutions. The take-up of salt solutions by the hydro-
phobized pellets is only about 30 mass-%, the pellets
containing GLYMO-coated pigments can take up 45
mass-%, and the ones containing silane PES-coated
pigments about 55 mass-%. This behavior clearly
reflects the degree of hydrophobicity (PES < GLYMO
< DMDS). The conductivity also show a dependency on
the hydrophobicity and on the content of the conducting
salt solution uptake. Pellets containing DMDS coated
pigments have a conductivity < 107 S/cm. At compa-
rable salt solution concentrations below 40 mass-%, the
conductivities of systems containing PES-coated

" pigments are a about a factor of one thousand higher

than that of the GLYMO-coated pigments. At a level of
about 45 mass-% and above (PES) both systems show
similar conductivities slightly below 10 S/cm,
Conclusions

The possibility to form highly porous separators for
rechargeable lithium polymer batteries is demonstrated.
The pigments involved have to be coated to show high
hydrophilicity in order to increase the amount of
conductive Li salt solution. The incorporation of the salt
solution into the porous separator is due to capillary
forces of the porous separator. Conductivities up to 10”
S/em can be achieved. This process of formation of Li
conducting separators does not involve any extraction
processes which is technologically very relevant.
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Introduction

During recent few years, boron containing polymer
electrolytes have drawn a great deal of attention as a
new class of lithium ion conductor, Several researchers
have reported the anion trapping nature of Lewis acidic
borons [1], and the excellently high dissociation
constant of borates [2). In the present work, we
examined facile preparations of organoboron based
anion trapping polymer electrolytes using 9-
borabicyclo[3.3.1]nonane (9-BBN), or
monobromoborane-dimethyl sulfide complex (BH,Br-
DMS) (Figure 1). Both of them are common
hydroborating reagent in the field of organoboron
synthesis.

s
SRS
BT HTCHTOTLBSA . ner, 21, 34, 63

1(n)

}s-{m ,);—o {cn ,—z-,-o -);(cn ¥ B{

2(n)
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At
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Figure 1. PPO oligomers having organoboron unit on the chain
ends (1(r} ,2(n)), and poly(boric ester) (3).
Experimental

To a,w-dihydroxyl PPO or a,w-diallyl PPO
oligomers, 0.5 mol cm™ THF solution of 9-BBN
(Aldrich) equimolar to the PPO chain ends was added
dropwise at room temperature, and the resulting mixture
was stired for 5 h.  This reaction gave the
corresponding PPO  having boric ester (1(n); n stands
for number of the repeating unit of PPO), or alkylborane
(2(n)) structure, respectively without generation of
water. Then equimolar amount of lithium salt toward
the organoboron unit was added to the solution.

We have also prepared poly(boric ester)
according to Chujo’s method [3). To a small excess
amount of 1.0 mol cm™ dichloromethan solution of
BH,Br-DMS  (Aldrich), 1,7-octadiene was added
dropwise at 0 °C, and stirred for several hours. The
obtained solution of the poly(organoboron halide) was
treated with dry methanol to give the comesponding
poly(boric ester) (3). The polymer was purified by
reprecipitation in dry methanol. Then lithium bis
(trifulotromethylsulfonyl)imide (LiTFSI) was added to
the THF/methano! solution of 3, '

In each case (1(n), 2(n), and 3), after removing
solvents, the sample was dried in vacuo for 48 h before
subjected to the measurements. The bulk ionic
conductivity of each sample was measured by complex
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imgedance method over frequencey range from 10’ to
10" Hz.

Results and discussion
PPOs having 9-BBN structure on chain ends

The ionic conductivity of 1(7)/LiSO;CF; and
2(7)/LiSO;CF; was 4.57 x 10 S cm™ and 2.83 x 107
S cm™ at 50 °C, respectively (Figure 2). These values
were lower than that of a typical PPO/LiSO,CF; system
(126 x 10° 8 cm™). This relatively low ionic
conductivity is attributable to the decreased contribution
of anion migration. The lithium ion transference
number for 1(7)/LiSO;CF; and 2(7)/LiSO;CF; was 0.67
and 0.57, respectively.  Similarly, 1(7)/LiCO,CF,
showed high lithium ion transference number of 0.63.
These values were comparable to that of polyethers
having covalently bonded salt groups [4]. On the other
hand, 1(7)/LiTFSI showed higher ionic conductivity.
However, the lithium ion transference number was 0.28.

v A(7)LITESI

© 1(TYLISO;CFy
& 2(7)LISO,CF,
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o
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10007-1/K-1

Figure 2. Temperature dependence of the ionic conductivity
for 1(n) and 2({n) containing various lithium salts.

Poly(boric ester)s

The poly(boric ester) 3 was obtained as amorphous
polymer. However, after adding LiTFSI (the molar
ratio of Li* to boron atom was 10 - 30 %), an
endothermic peak was observed for each sample in the
DSC measurement. These peaks are attributable to the
polymer/salt complex formation. The 3/LiTFSI under a
salt concentration of 20 % showed ionic conductivity of
434 x 10 S cm™ at 50 °C during a cooling scan. It
should be noted that polymer 3 showed considerable
ionic conductivity even in the absence of polyether
segments.
Conclusions

Organoboron based ion conductive polymers were
readily prepared using common hydroborating reagents
such as 9-BBN and BH,Br-DMS. Obtained polymers
showed characteristics as a new class of Lewis acidic
polymer electrolytes.
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Introduction :

It seemed that the next step in the development
of composite polymer electrolytes will be to obtain a
highly single cation conductive systems. The idea is
based on the use of anion-trapping compounds as
additives. In the literature studies of the use of cation
receptors such as crown ethers, cryptands and
calixarenes in low molecular weight non-aqueous
solutions [1-4] as well as polymer electrolytes are more
widely described. Anion receptors based on boron
compounds were applied to the solutions of lithium
salts in aprotic (inert) electrolyte based on low
molecular weight solvents [5,6] as well as in gel
polyelectrolytes.[7] Boron based aza ether compounds
(borane, borate complexes) have been studied by
McBreen and coworkers [8-11] using mainly Near edge
x-ray absorption fine structure  spectroscopy
(NEXAFS). These studies showed that the degree of
complexation of CI' or I'anions strongly depends on the
structure of the boron compounds. Also the dramatic
enhancement in jonic conductivity upon the addition of
boron compounds has been noticed in these electrolytes.

This paper describes the physico chemical
properties of composite electrolytes based on PEODME
M,,=500 triphenylborane complexes with different salts
Lil, LiCF380;, LINTFSI, LiBF, and LiClO, (0,2 mol/g

of polymer).
©
J0

Figure 1. Structure of triphenyl borane

As a compound the triphenylborane is a relatively stable
Lewis acid.

Studies on the use of anion receptors in polymer
electrolytes are very limited. Papers dealing with this
subject are based on either theoretical predictions [12]
or studies on addition of boron family compounds, as
well as cyclic or linear aza-ether structures with
electron-withdrawing groups to oligoethers. [9-11, 13]
The unique features of the new type of ionic conducting
polymers with grafting anion receptors based on aza-
ether structures are also described in literature.
Experimental
Impedance spectroscopy, FTIR
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Results and discussion

Upon addition of the triphenylborane to the
PEODME based model polymer electrolytes the
increase in the conductivity in lower temperature range
(e. g. below 0°C).
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Figure 2

In higher temperature range upon anion
complexation in some cases (PEODME LiClO,,
LiCF;80; electrolytes)  the overall conductivity
decreases proving that in this concentration (0,2 mol/kg
PEODME) and temperature range the jon transport
occurs mainly via anions,

The types of interactions between polymer salt
and triphenylborane are discussed on the basis of FTIR
spectroscopy.

Conclusions

The new model composite electrolytes has
been synthetized and analysed in order to verify the use
of triphenylborane as an anion receptor polymer ionic
conductive systems
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Introduction

Nuclear Magnetic Resonance (NMR) remains one of
the premier analytical methods to investigate structure
and dynamics of disordered media. Two classes of
materials germane to electrochemical conversion and
storage  technology are polyether-based solid
electrolytes for lithium battery applications, and proton
conducting membranes for fuel cells. The NMR
techniques brought to bear in these studies range from
spin-lattice relaxation probes of short-range phenomena
to pulsed field gradient spin-echo determination of ion
and molecular self-diffusion coefficients, the latter
method more directly related to ionic conductivity and,
in the case of fuel cells, fuel crossover phenomena. This
talk will review recent experiments on superacid
solutions as a model for proton conduction in sulfonated
polymers. In a collaboration with T. Zawodzinski (Case
Western Reserve U.), we explore the relationships
between solution viscosity, ionic and molecular
diffusivity, and electrical conductivity in these systems,
and conclude that the presence of ordered ion/solvent
structures at certain concentrations can facilitate proton
transport. These studies are now being extended to the
phosphoric acid/water system and, in collaboration with
B. Benicewicz (Rensselaer Polytechnic Inst.),
phosphoric acid immobilized in membranes. We have
also implemented the use of pressure as a
thermodynamic variable in diffusion measurements on
NAFION. Results of the first such measurement on any
composite material (to our knowledge) are given. On
the lithium battery side, we will present ion and host
mobility data on the diglyme: LiCF;SO; system, a low
molecular mass analogue of PEO-based polymer
electrolytes, which have been extensively studied via
vibrational spectroscopy by our collaborator, R. Frech.
(University of Oklahoma). Finally, in collaboration
with E. Peled and D. Golodnitzky (Tel Aviv
University), we will show conductivity enhancement
effects observed in magnetically oriented PEO-based
polymer electrolytes, providing additional evidence for
ion transport along the direction of the PEO helices

Experimental

One of the topics to be presented involves the first
known pressure-dependent measurement of water self-
diffusion in a membrane; NAFION-117 was chosen for
this investigation. The measurements were conducted in
the fringe (inhomogeneous) field region of 2 7 T NMR
magnet, with a central field value of 1.7 T and a
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gradient strength (G = dB,/dz) of 0.253 T/em. A
standard NMR probe was fitted with a CwBe high
pressure bomb containing the rf coil and sample.

Results and discussion

The proton NMR self-diffusion coefficients were
extracted from spin-echo decays in the presence of the
static field gradient. NAFION membranes containing
four different water contents were investigated and the
results are shown below.!
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Activation volumes extracted from the data, according

to Av=—kT(alnD

) increase with decreasing
T

water content, suggesting that polymer pendant group
motions are involved in water and proton transport at
low water content."
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Introduction

Polymer electrolytes are jonically conducting solid
phases formed by dissolving salts in ion-coordinating
macromolecules. Poly(ethylene oxide), PEO complexed
with lithium salts are the most often studied examples
of polymer electrolytes. Here, we extend previous work
[1-8] focusing on PEO with LiCF3S0s3, lithium triflate.
The molecular-level understanding of the ionic
conductivity mechanism in polymer electrolytes is poor,
although it is known that jonic association, cation-
polymer interactions, and polymer segmental motion
play critical roles. Local structures identified by X-ray
diffraction and vibrational spectroscopy have provided
valuable insight about jonically associated species and
cation-polymer interactions. Here, we extend
vibrational spectroscopic studies to give a foundation
for quantitative studies of ionic association and polymer
configurations.

Quantitative comparisons of vibrational spectra of
polymer electrolytes have been hampered by the lack of
standards. We have addressed two important issues
toward the development of standards. First, we have
identified an effective trace marker for these systems,
SbFs’, which has a strong unvarying signature v, line at
658 cm™, Second, we have carefully studied changes in
ionic association via the 8(CF3) modes and confirmed
that the intensity of this mode is independent of ionic
associjation.

Experimental

PEO of various molecular weights (100,000, 10,000,
2,000 Da) was dried for 48 h at 10 mBarr and 45-
50°C. We prepared a samples by dissolving LiSbF in
acetonitrile with PEO in the correct amounts to give
desired ether oxygen to SbFg ratios of 500:1. The
solvent was then extracted and weighed amounts of the
resulting solid were dissolved in acetonitrile with
appropriate amounts of LiCF3SO; to give ratios of
500:x:1. This procedure insures that all samples have a
known ratio between PEO SbF¢™ so that the intensity of
the SbFs absorption can be used to quantitatively
compare spectra, The resulting viscous solutions were
cast on ZnSe windows. We then recorded temperature
dependant IR spectra using a Bruker IFS66V
spectrometer over the range of 400 cm’ to 4000 cm™.
Results and discussion

For PEO:CF380;5 ratio of 40:1, we find striking
changes in spectral intensities of the CF3S0;” bands as

the PEO melts (see attached Fig.) LiSbF, in. By
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normalizing these spectra using the SbFg vy intensity,
we directly compared the total 8,(CF3) intensity as the
temperature changed. Within the uncertainties of our
fitting, we find this total intensity unchanged even as
the sharp line at 760.5 cm™, associated with the
aggregate species, is almost totally converted into lines
associated with free and pair species. Thus we have
confirmed that the absorption intensity is independent
of association for §,(CF3;) modes in PEO:LiCF3580;. We
are in the process of further analyzing our data to
extract quantitative comparisons of the other CF3SO5
modes. We are also examining PEO modes that are
especially sensitive to conformation, the CH2 rocking
and CO stretching modes between 800 and 1000 cm™,
These analyses will be presented at the meeting.
Conclusions

We have studied vibrational spectra from PEO with
dissolved salts to obtain relative absorption strengths for
modes of the triflate anion associated with Li. We found
that by adding a trace of LiSbFs to the PEO before
actual sample preparation we could quantitatively
compare samples with different salt concentrations and
different polymer configurations. These quantitative
comparisons are making possible detailed pictures of
polymer-salt systems, even mixed phase systems and
amorphous systems. Such pictures are a step toward a
clear understanding of the interactions between the
polymer and dissolved salt.
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Introduction

Despite numerous studies related to ionic transport in
polymer electrolytes the understanding of the
underlying mechanisms is still far from being complete.
A major reason for this unsatisfactory state-of-the-art
may be that most studies on ion motion relied on dc
conductivity measurements, which only yield the net
macroscopic effect of all charged mobile species. Only
few publications in this field report the use of ion-
specific techniques by which the diffusion properties of
cations and anions can be determined individually. One
such technique is pulsed-field-gradient NMR. Another
powerful ion-specific method, i.e., radiotracer diffusion,
was only employed on a very small number of polymer-
salt systems so far [1,2]. In this paper we compare for
PEOyNal the diffusivity of *Na and 'I with the
overall jonic conductivity over a wide temperature
range.

Experimental

Depth profiles of *Na and '*I were measured by means
of microtome sectioning after isothermal diffusion
annealing in the temperature range from 67 to 180 °C,
in which PEOyNal is fully amorphous. Additional
information was obtained by measurements of the dec
electrical conductivity using impedance spectroscopy.
To this aim the frequency-dependent impedance of
cylindrical PEO3Nal samples was recorded as a
function of temperature using stainless steel electrodes

Results and discussion

Tracer self-diffusion coefficients resulting from
Gaussian or erfc fits show near-linear behaviour in an
Arrhenius plot, both for Na and 1. It is found that I
diffuses faster than Na by a factor of 2 to 5 upon going
from high to low temperatures. This is reflected by the
circumstance that the apparent activation energy of 1
(0.29 eV) is distinctly lower than that of Na (0.39 eV).
In contrast to both tracer diffusivities, the dc
conductivity exhibits a pronounced Vogel-Tamann-
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Fulcher behaviour reflected by a downward curvature in
the Arrhenius plot. As a consequence, the overall
conductivity increasingly falls below the sum of the Na
and I tracer diffusivity with increasing temperature.
This phenomenon can be explained by the formation of
neutral Na-I jon pairs, which contribute to mass
transport but not to charge transport. Evaluating
simultaneously the different types of experimental data
within a combined ion-pair/single-ion diffusion model
yields besides the diffusivities of all individual species
also the ion-pairing reaction constant as a function of
temperature.

Conclusions

This work contributes to the understanding of ion
transport in polymer electrolytes. For the PEO3Nal
system the results can be summarized as follows:

(i) Neutral cation-anion pairs contribute to mass
transport but not to charge transport.

(i) The fraction of ion pairs increases with increasing
temperature according to a pair formation enthalpy of

~0.2eV.

(iif) The diffusivities of the ion pair and the two single
ions obey the same VTF temperature dependence.

(iv) The magnitude of the diffusivity increases in the
order cation, anion, ion pair, which reflects their
decreasing degree of coupling to the polymer matrix.

(v) The cation transference number of 0.1 is
independent of temperature and lower than the T-
dependent values estimated from the ionic tracer
diffusion coefficients.

(vi) Cation transport largely takes place in the highly
mobile ion-pair configuration
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Introduction

Lithium bis(trifluoromethanesulfone)imide (LiTFS),
salt with large and flexible anion, is an attractive
component of polymer electrolytes. LiTFSI dissotved
in PEO inhibits crystallization and the polymer
electrolyte can be amorphous or semi-crystalline [1].
Recently, we reported high ionic conductivity in
amorphous mixtures of acrylonitrile — butyl acrylate
copolymer and LiTFSI at high content of the salt [2].
Here we analyze impedance spectra of the two systems,
representing  salt-in-polymer and polymer-in-salt
electrolytes, in order to explore relaxation of ions and
dipoles.

Experimental

Random copolymers of acrylonitrile and buty! acrylate,
poly(AN-co-BuA), were prepared by radical
polymerization. Foils of poly(AN-co-BuA) or high
molecular weight PEO with various amounts of LiTFSI
were obtained from acetonitrile solutions.

Impedance of polymer foils, placed between gold
plated stainless steel electrodes in chamber filled with
argon, was measured in frequency range from 10 MHz
to 0.01 Hz at temperature between -60°C and 100°C.
Automated analyzers allowed measurement of
impedance of absolute value up to 100 TQ.

Results )

Impedance spectra were analyzed by fitting equivalent
circuit, which modeled phenomena affecting the ac
response of polymer electrolyte: high frequency
dielectric constant, dipolar relaxation, flat dielectric
loss, ionic conductivity with dispersion caused by
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relaxation of mobile jons and polarization at electrodes,
see inset of Fig.1.

At low temperature relaxation of bond dipoles within
macromolecules is seen as dielectric loss peak at high
frequency. Increase of the real part of conductivity
above the dc value, accompanied by a finite decrease of
the dielectric constant Ag, follows power law frequency
dependence with exponent n=0.45. Flat dielectric loss
at high frequencies obeys power law frequency
dependence with exponent mx0.77. The relaxation
frequency of local ionic charge displacement, the onset
frequency of conductivity dispersion and the frequency
of crossover to flat dielectric loss provide information
on various time scales of ijonic motion. The
characteristic frequencies follow similar temperature
dependence as the dc conductivity, see Fig.l. The
relaxation strength Ae can be used to estimate the
spatial extent of non-random displacements of mobile
ions. Despite observed universality of the ac response,
quantitative differences between the two studied
systems exist. Variation with the salt content of the
characteristic quantities, derived from impedance
spectra to describe the relaxation of ions and dipoles,
will be discussed.
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Introduction

The non-Arrhenius  behaviour of the
temperature dependence of the DC conductivity
typically measured in polymer electrolytes is the
halimark of ionic motion being coupled with the host
polymer matrix. Due to this coupled nature ionic
motion is most often described by considering only the
properties of the host matrix, without regard to the ions
themselves. One of the most common approaches for
describing ionic conductivity is with free volume
theory.!

Positron annihilation lifetime spectroscopy
(PALS) is a technique used to determine the size and
concentration of free volume elements (holes) in
polymer electrolytes.? To determine if free volume can
be used exclusively to describe mobile ions we studied
the pressure and temperature dependence of both the
conductivity and free volume of a representative
polymer electrolyte.

Experimental

Polymer electrolytes were obtained by
dissolving the appropriate amount of dried NaPF into a
purified and dried liquid polyether trio! of a random co-
polymer of ethylene oxide and propylene oxide
(molecular weight of 3600 g.mol’, 80% ethylene oxide)
to form an ether oxygen to cation ratio of 20:1. The
polyol-salt complex was crosslinked with a
stoichiometic amount of hexamethylene diisocyanate
over a mercury catalyst.

AC impedance spectroscopy at ambient
pressure was carried out using a broadband dielectric
analyser with samples cast into a locally built cell with
stainless steel blocking electrodes. Variable pressure
conductivity was performed in a high-pressure
autoclave with samples sandwiched between gold
electrodes.

PALS experiments were performed using an
EG&G Ortec fast-fast coincidence system with a *Na
source. Temperature dependent measurements were
made using a Peltier temperature control system. High
pressure measurements were made in a locally designed
cell. Lifetimes were determined using the PFPOSFIT
program with the shortest lifetime fixed to 125 ps.

Results and discussion

The DC conductivity of the 20:1 NaPFg
electrolyte displayed a characteristic non-Arrhenius
temperature dependence which yielded acceptable
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values from a VTF fit. The temperature dependence of
the mean hole volume, Vj, (as measured by PALS)
showed a linear increase of 0.53 cm’.mot” K™, When
extrapolating the temperature dependence of Vj, to zero
free volume a temperature very close to Ty from the
VTF fit was found. A linear relationship of In(c) on the
inverse of V} as a function of temperature was also
found. Without relying on any particular model these
two observations imply that free volume is very
important in mediating ion transport.

Considering the theory of Cohen and Turnbull!
a critical volume for jonic motion of 840 cm®.mol™! was
calculated. This corresponds to roughly the volume of
20 ethylene oxide units. This is surprising considering
the PF¢ anion is most likely the dominant conductor
(V=72 cm®.mol™") and dynamic light scattering studies®
have previously shown that ion motion involves the
cooperative movement of around only 6 to 7 ethylene
oxide units, '
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Conductivity was measured as a function of
pressure at many temperatures for electrolytes
consisting of several salts (Nal, NaPF¢ and Mg(ClOy),)
with differing concentrations. The electrolytes showed a
characteristic decrease in conductivity with pressure.
The activation volumes calculated from these
measurements ranged from 45 cm’.mol™ to 20 cm® mol”
! over the temperature range 304 K to 365 K. Each of
the electrolytes showed similar values and trends
(Figure 1) suggesting that the volume required for ionic
conducitivity depends only on the polymer matrix.

Duclot and co-workers® calculated critical
volumes for a series of polyelectrolytes by assuming the

.
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dependence of free volume on temperature and pressure
can be taken from kinetic gas theory. Using this
method a rather small critical volume of 15 cm®.mot™
was calculated. This value is surprising as it is less than
the molar volume of the PFg anion and less than a
single ethylene oxide unit.

We propose that the total volume required for
jonic motion can be estimated from the available free
volume (Vy), as measured by PALS, plus the extra
volume required for ionic motion to occur (i.e. the
measured activation volume). Usin§ this approach a
constant total volume of 117 cm’.mol’ has been
obtained for the NaPFs electrolyte (Figure 2). This
value equates to roughly 3 to 4 ethylene oxide units.
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The pressure dependence of the free volume of
a polymer electrolyte has been measured for the first
time. In a similar way to reducing temperature, the
effect of pressure is to reduce hole volume (Figure 3).
A linear dependence of In(c), resulting from the
application of different pressures, on the inverse of Vy
has also been found. This linearity again suggests that
free volume is important in mediating ionic transport.
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From the above discussion of the hole volume,
including its dependence on temperature and pressute,
as well as its influence on the value of the conductivity,
one might be tempted to assume that the DC
conductivity, o, is eventually determined by V,(p,T)

alone. In that case, In(c), would have to be proportinal
to exp(-V*/Vy(p,T)), where V* is a constant, Our
present reults do, however, prove that such a treatment
is not appropriate. This is shown in Figure 4.
Evidently, the variation of V, with temperature and the
variation of V, with pressure affect the measured
conductivity in very different ways. A proper
understanding of the origin of the different slopes of the
two lines in Figure 4 requires consideration of the
dynamics of the mobile ions.
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Conclusions

A linear dependence of In(c) on the inverse of
V4, (both as a function of temperature and pressure), and
zero hole volume being close to Ty obtained from a fit to
the VTF equation suggests free volume is very
important in mediating ionic transport.  Activation
volume measurements of several electrolytes (of
differing concentrations) suggest that the volume
required for ion motion depends on the polymer matrix,
Critical volumes required for ionic motion calculated on
the basis of certain models were found to be unrealistic.
The addition of the activation volume to the mean hole
volume, however, provides a more realisitic and model-
free alternative. By comparing the relationship of In(c)
on the inverse of Vy, as a function of temperature and
pressure, it was found that free volume alone cannot be
used to explain the non-Arrhenius behaviour of the
temperature  dependence of the DC conductivity.
Therefore, the practice of describing ionic motion by
considering only the properties of the polymer matrix
may be inappropriate.
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Thanks to the high energy content of liquid
methanol (6.1 kWh kg at 25°C), already
demonstrated potential for the integration into a
compact system and convenience of use, the
polymer-electrolyte direct methanol fuel cell
(DMFC), is viewed as a promising power source
for portable civilian and military applications.
When compared with other power sources, a
typical “reference” 20 W DMFC system easily
outperforms its market competitors, Li-ion
batteries in particular, at operating times longer
than approximately 10 hours. This is because, for
a net stored energy higher than 200 Wh (= ten-
hour operation of a 20 W system), the fuel cell
based system becomes lighter than an equivalent
battery pack.

Key Performance Factors. -DMFC research and
development effort at Los Alamos National
Laboratory  focuses on several potential
applications of direct methanol fuel cells,
including portable power source for the military
(20-100 W power level), consumer electronics
(e.g., laptop computers, cellular phones), and
auxiliary power for automotive transportation.
Depending on the specific system requirements,
the temperature and pressure of cell operation,
catalyst loading and cell design may differ,
sometimes quite significantly, however, the key
factors impacting DMFC performance remain the
same, regardless of application. These factors are:
(i) anode and cathode electrocatalysis, (i)
membrane performance, in particular conductivity
and methanol/water permeability, (iii) structure
and durability of the membrane-electrode
assembly (MEA), including optimization of the
gas-diffusion layers, and (iv) single cell and stack
hardware. In this presentation, we will provide an
overview of the most recent accomplishments in
the fundamental electrode and membrane research,
aimed specifically at improving the performance
and performance durability of today’s MEAs.

Electrocatalysis. In this part of the talk we will
analyze the effect of atomic composition of Pt-Ru
catalysts on the DMFC anode performance. We
will also present the latest results from the cathode
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catalyst effort that focuses on improving the
performance by lowering the average size of
nanopraticles of platinum and other platinum-
based catalysts.

Performance Durability. -We will further
present the latest data on performance durability,
possibly the single most important issue for the
future of DMFCs. Among several factors
identified at Los Alamos as directly impacting the
long-term DMFC stability, we will focus on (i)
surface oxidation of the platinum cathode, (ii)
ruthenium permeation through the membrane, (iii)
anode operation under extreme conditions, and (iv)
changes in the hydrophilic and hydrophobic
properties of the cathode.

Novel DMFC MEAs. —Finally, we will introduce
a new MEA fabrication process designed to
minimize unrecoverable performance loss of
Nafion®-based DMFCs. Novel MEAs are made
using recently _developed alternative
catalyst/ionomer suspensions and high-temperature
processing routes, which include an acid boil. The
new fabrication process results in improved long-
term MEA stability. For example, at life-test times
longer than 1400 hours, performance of the novel
MEA is up to 20% higher than that of the standard
MEA. After 3000 hours of the life test (the end of
the longest novel MEA life test), the unrecoverable
performance loss of the novel MEA is only
15 mA cm? at 0.5 V, whereas that of a standard
Los Alamos MEA is 37 mA cm? after merely
1000 hours.

Different rates of performance degradation are
accompanied by different changes in the high
frequency resistance (HFR) of the MEAs. The
HFR gain is much higher for the standard MEA
than for the MEA obtained by the new process.
Since under well-controlled humidification
conditions changes to membrane conductivity over
time are expected to be very small, the HFR
increase is likely to be caused by rising resistance
at the membrane/electrode(s) interface(s) — much
faster for the standard MEA than the novel one.
This process appears to occur much faster for the
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standard MEA, suggesting significantly more
robust membrane-electrode interface of the novel
MEA.

Electrochemically active surface area of the anode
and the cathode can be determined at various life
test times using carbon monoxide stripping charge.
Loss in that charge is found to be much lower for
the novel than standard MEA. This may be due to
improved networking of the Nafion® polymer
within the electrode, leading to better catalyst layer
integrity. : :

oth International Symposium on Polymer Electrolytes

Further analysis of CO stripping voltammetry for

the two MEAs reveal the impact of high-
temperature and pre-leaching of the Pt-Ru anode
catalyst in acid boil on ruthenium crossover and
subsequent contamination of the cathode by Ru.
As also observed earlier with other systems, the
high-temperature treatment and pre-leaching
involved in the novel fabrication process help to
greatly reduce ruthenium crossover.
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Acid doped polybenzimidazole (PBI) has emerged as a
promising candidate for a low-cost and high
performance fuel cell membrane material. It has been
shown that this polymer electrolyte membrane exhibits
high ionic conductivity at temperatures up to 200°C.!
However, additional progress is still needed for the
large-scale application of PBI in fuel cells. Furthermore,
the conventional method to prepare acid doped PBI
membranes involves a multi-step process while the
mechanical properties of the resulting membranes are
largely limited by the low molecular weight of PBI used
in previous studies. A novel process, previously
reported and termed as the PPA process, has been
developed to prepare pyridine-based PBI (PPBI)
membranes loaded with high levels of phosphoric acid
by direct casting of the PPA polymerization solution
without isolation or redissolution of the polymers,
followed by a sol-gel transition mduced by the
hydrolysis of PPA into phosphonc acid.?

In an attempt to understand the ion dynamics in these
membranes, two samples of this material prepared in a
different manner have been examined by using nuclear
magnetic resonance (NMR) techniques over a range of
temperatures from 290 to 383 K. The first sample BB1
was prepared by soaking the PBI films in phosphoric
acid solutions whereas the second sample BB2 was
produced by the new sol-gel process which allows for
greater levels of phosphoric acid loadmg Using
experimental techniques described elsewhere’, 'H (I=%)
and *'P (I=Y2) NMR linewidths, spin-lattice relaxatlon
times T, and self-diffusion coefficients D for these
materials are reported. To obtain consistent and
reproducible data, the samples were dried at 423K for
90 minutes. Significant differences in the diffusion
coefficients and relaxations times before and after
drying are noted. For all samples a single *'P peak
centered close to the reference signal from 85% H;P0,
was observed. There were no spectral indications of
condensed phosphates. In BB! the linewidths and
relaxation times show weak temperature dependence in
contrast to the data for BB2 where there were
indications of motional narrowing and a well-defined T,
minimum. The diffusion data show that protons diffuse
faster than the phosphorus carrying species, which
means that the inter-phosphate proton transfer is
important in these materials. Proton NMR diffusion and
T, data for BB2 are shown at right.
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Introduction

An important challenge in polymer electrolyte fuel cell
research is to find proton conducting materials that
require less humidification and show reduced swelling
in water and water/methanol as compared to state of the
art membranes. Mainly three functional groups have
been considered as proton solvents for fuel cell
membranes: sulfonic acid groups [1], phosphonic acid
groups [2,3], and nitrogen heterocycles [4). In order to
evaluate the suitability of these functional groups for
fuel cell applications at low hydration, we have
prepared the model compounds S-C;, P-C,, I-C; and
characterized these with respect to proton conductivity
in the water-free state, proton diffusion coefficients,
thermo-oxidative  stability, water uptake, and
electrochemical stability.

NSNS0 H X HO S-C,

mps<37°C

AN POH, P-C,;
mp 104-106 °C

HN/\> I-C;
W mp 46-48 °C
N bp 125 °C/10°? mbar

Experimental

Proton conductivity was measured by impedance
spectroscopy, diffusion coefficients were determined by
frequency-resolved pulsed field gradient (PFG) NMR,
thermal stability was investigated by TGA-MS under
20% oxygen atmosphere, water uptake was investigated
by TGA under saturated water vapor, and
electrochemical stability by cyclic voltammetry.

Results and discussion

S$-C; is by far the most hygroscopic of all compounds
and could only be prepared in the form of hydrates with
a minimum water content of 0.1 H,0 per sulfonic acid
group. Its conductivity, thermal stability and
electrochemical  stability ~decrease rapidly with
decreasing water content. I-C; is readily obtained in the
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anhydrous state and has essentially no disposition for
taking up water. Its conductivity is even below the
conductivity of 8-C, with the lowest water content. The
compound shows good electrochemical stability, but at
the same time strongly inhibits the H, oxidation and O,
reduction reactions at the Pt electrodes. The best
combination of properties is given for P-C, High
degrees of self-dissociation and high mobility of the
acidic protons lead to reasonably high proton
conductivities in the fully anhydrous state, the water
uptake from the gas phase is clearly reduced as
compared to S-C;, whereas the thermo-oxidative
stability is significantly higher than for the two other
compounds, The electrochemical properties are
intermediate between those of S-Cy and 1-C,.

From these observations we conclude that the
phosphonic acid group has the highest potential to meet
the requirements for a proton conductor at low
hydration.

As the next step toward a chemically stable fuel cell
membrane, we have prepared a fully aromatic polymer
with a high density in phosphonic acid groups.

n

PO;H,
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Introduction

The recognition of the polymer electrolyte fuel cells
. (PEEC) as the most prospective environmentally benign
power sources has resulted in an upsurge of interest on
the development of polymer electrolytes for such
devices. This has led to the exploration of constraints
associated with the use of water at temperatures higher
than 100 °C and pointed eyes on the ubiquitous ionic
liquids for alternatively efficient, highly proton
conducting polymer electrolytes with high operational
temperatures. Ionic liquids, possessing the wealth of
desirable electrochemical and materials properties are
very promising, but need to act as proton solvents or
themselves be capable of proton conduction for their
true use as proton conductors. Recently, we have
reported that Bronsted acid-base ionic liquids are proton
conducting and can serve as fuel cell electrolytes under
nonhumidifying conditions at elevated temperatures.'?

In this study, we aim at innovating protic ionic
liquid systems capable of fast proton conduction and
preparing ion gels by incorporating ionic liquids in
network polymers. We characterize the ionic liquids and
ion gels in terms of their physicochemical properties
and proton conduction behavior for their potential use
as proton conducting nonaqueous electrolytes.
Experimental
Appropriate amounts of bis(trifluoromethanesulfon)
imide (HTFSI) and a wide variety of organic amines,
maintaining defined molar ratios were mixed and heated
above the respective melting points in an Ar atmosphere
glove box to have a novel series of protic ionic liquids.
The ion gels were prepared by in situ radical
polymerization of a neutral hydrophobic monomer,
methyl methacrylate (MMA) in the ionic liquids at 60
°C for 12 h by addition of 2 mol% of a cross linking
monomer, ethyleneglycol dimethacrylate (EGDMA)
and 1 mole% 2,2’-azobisisobutyronitrile (AIBN).

The thermal properties were studied wsing
thermogravimetry (TG) and differential scanning
calorimetry (DSC), while ionic conductivities were
determined by complex impedance methods. The 'H-
NMR spectra of the ionic liquids were taken by using a
double tube. Self-diffusion coefficients were determined
by pulsed-gradient spin-echo (PGSE) NMR
measurements. The electrochemical activity and proton
transport behavior of the ionic liquids were analyzed at
the three-phase boundary of the ionic liquids/Pt/N,, H,
or O, by electrochemical polarization experiments.
Results and discussion
Most of the amines formed neutral salts, which showed
high thermal stability as an ionic liquid, for instance, the
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commenment of decomposition for the salt of 4,4’-
trimethylene dipiperidine with HTFSI could be
observed at temperatures >400 °C. Notably, the neutral
salts of 1,2,4-triazole, triethylamine, and butylamine
with HTFSI are liquid at room temperature. The melting
point (T,,) of the systems changes with change in
compositions. The equimolar salt for imidazole
(Im)/HTFSI melts at 73 °C and the T,s of other
compositions are lower than those of the equimolar salt
and Im or HTFSI, giving eutectics between the
equimolar salt and Im or HTFSI. Some compositions
with certain molar ratios of Im and HTFSI are liquid at
ambient temperature.

The equimolar salts exhibited high conductivity (2

102 sem™). The ionic conductivity (o) has been found to
depend strongly on temperature and composition of the
systems. For the Im/HTFSI system, the o increases with
increasing Im mole fraction with a sharp decrease for
neat Im. The o for [Im)/[HTFSI] = 9/1 attains the value
of ca. 0.1 Sem™ at 130 °C.

The analyses of the conductivity, '"H NMR chemical
shift, self-diffusion coefficient and electrochemical
polarization results indicate that proton conduction in
the representative amine-HTFSI systems depends on the
composition, and in base-rich compositions, it follows a
combination of Grotthuss and vehicle type mechanisms.
Some of the systems studied are electroactive for H,
oxidation and O, reduction at a Pt electrode under
nonhumidifying condition and provide clear evidences
for electric power generation by a Hy/O, fuel cell at
elevated temperatures.

We have finally focused our attention on the
construction of ‘solid-state proton conductors. Our
preliminary results show the compatibility of MMA
with some of the protic ionic liquids both at the
equimolar and base-rich compositions. We succeeded to
preapare ion gels by radical polymerization of the
compatible vinyl monomer. The obtained polymer
electrolytes were self-standing, transparent, and
exhibited moderately high ionic conductivity. Studies
on the proper modification of this approach to obtain
highly proton conducting polymer electrolytes with
sufficient mechanical strength and electrochemical
stability are now underway.
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Introduction

A new class of proton conducting inorganic-organic
polymer (ORMOCER®) electrolytes for fuel cells based
on polycondensed and organically cross-linked
sulfonyl- and styrene functionalized alkoxysilanes has
been developed [1].

Experimental

Different synthesis processes are used. System-I is
based on two polycondensates. In the first one, an
alkoxysilane containing a sulfonated group and a
styrene derivative functionalized alkoxysilane are
hydrolyzed and co-condensed. In the other one, an
alkoxysilane containing at least a nitrogen heterocycle,
an amine group or a sulfonamide group and a styrene
derivative functionalized alkoxysilane are reacted. The
two polycondensates are then mixed. After evaporation
of the solvent, the resins are shaped into thin films and
organically cross-linked via UV and/or thermal curing.
System-II. the sulfonated functionalized alkoxysilane is
first hydrolyzed and condensed, then the two other
alkoxysilanes are added for co-condensation.
System-IIT. the three alkoxysilanes used for system-1
are hydrolyzed and co-condensed without any partial
hydrolysis of one of the component.

Results and discussion

Thermal stability of the three systems up to 180 °C
(<5% weight loss, heating rate: 10K/min) was
measured by thermo-gravimetric analysis, The
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conductivity of the materials shows an Arrhenius
behavior in the temperature range 25 - 110 °C,
Anhydrous system-I / imidazole membranes exhibited
conductivities up to 5.0x10" Sem™ at 110 °C.

By modifying the polycondensate synthesis process, the
material properties were optimized. A 1.0x10? Sem™
conductivity value was measured for
system-Il/imidazole membranes at 110 °C under an
inert gas atmosphere. Activation energies of 0.45 up to
0.78 eV were determined depending on imidazole
content in the temperature range 25 - 110 °C. The
conductivity of system-III / imidazole membranes was
measured from room temperature up to 140 °C. The
materials have conductivities up to 9.1x103 Scm™ at
100 °C. Above 100 °C, the conductivity even increases
more and is as high as 2.0x102 £1.5x10® Scm™ at
140 °C.

Conclusions

Anhydrous proton conducting  inorganic-organic
polymer electrolytes with improved electrochemical and
mechanical properties were synthesized. Conductivity
of these ORMOCER®/imidazole membranes reach up to
2.0x10% Sem™ at 140 °C. .
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Abstract

The transport theory based, explicit mathematical
equations are presented to predict the fluid phase
superficial velocity, methano! and water molar fluxes,
and the chemical species (methanol and water)
dimensionless concentration profiles in the polymer
electrolyte membrane, Nafion™117, of a direct
methanol fuel cell. Implementation of these equations
is illustrated to generate the numerical data as functions
of the variables such as the pressure difference across
the membrane, methanol concentration at the cell
anode, temperature, and position in the membrane.

Results and Discussion
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Figure 3. Fluid phase superficial vefocity as  function of pressure difference for Nafion™]17
membrane, current density of 100 mA /sq cm, and the assumed membrane anode-
side methano! concentration of 0.1 mol / L.
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membrase, current density of 100 mA / 3q e, and cell temperature of 383,15
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Conclusions

Explicit mathematical equations to predict the fluid
phase superficial velocity, methanol and water molar
fluxes, and their dimensionless concentration profiles in
the PEM of a DMFC were presented in this paper and
their implementation was illustrated to generate the
data. Methanol crossover from the anode catalyst layer
to the cathode catalyst layer of a DMFC can be reduced
by increasing the cathode-channel flow pressure relative
to the anode-channel flow pressure. Also, methanol
crossover flux decreases with a decrease in -the
methanol concentration in the anode-side of the PEM.
This decrease in the methanol concentration in the
anode-side of the PEM can result from a low
concentration of methanol in the feed to the anode
channel of a DMFC or higher reaction rate at a higher
temperature resulting in a high current density. The
fluid phase superficial velocity can be directed from the
anode to cathode side of the PEM, vice versa, or be zero
by selecting carefully the cathode side pressure relative
to the anode side pressure at the fixed values of other
DMFC operational parameters such as temperature,
current density, etc.
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Introduction

Within the intensive search for new suitable proton
conducting materials a novel type of polymer
membranes has recently gained considerable attention
as promising alternative to the commercial
perfluorinated  membranes  (Nafion®)"%,  These
membranes are applicable to both PEMFC and DMFC,
having the dual functionality of electrolyte as well as
separator.
In this contribution we present a spectroscopic study on
the functionality of new membranes based on a
polyvinylidenefluoride (PVdF)/polyacrylonitrile (PAN)
blend mixed with plasticizers, propylene carbonate and
cyclopentanone (PC and CP). The porous polymer
matrix has good thermal and chemical stability as well
as a good ability to absorb the liquid protonic
component, a 6M sulfuric acid aqueous solution. The
conductivity of an optimised membrane composition,
combining PVAF/PAN polymer and AlL,O; ceramic
filler, reaches values of ~10" Scm™* We have
performed infra-red (IR) and Raman experiments on
membranes with varying compositions in order to
investigate the functionality and the microscopic
interactions in this system.

Experimental

For the synthesis of the membranes and the
electrochemical characterization of them we refer to ref
[3] and [4].

IR spectra were recorded using a Bruker IFS 66S
instrument, with the possibility to measure ATR in the
multiple reflection mode, as well as in the single-touch
mode. This Bruker instrument is equipped with a FRA
106 module, used here to record FT-Raman spectra.

Results and discussion

The proton conducting property of the membrane is
obtained by soaking a precursor membrane in an acidic
soulution. Thus, the fucntionality of these membranes
depend strongly on the acid absorbing ability. This
process can readily be followed by vibrational
spectroscopy where the solvents (CP and PC) and the
acid have distinctly different vibrational bands. In figure
1 the IR spectrum of a precusor membrane is compared
to 2 membrane soaked in the acidic solution. It is
evident that a phase inversion occurs in the soaking
process, i.¢. the solvents are completely replaced by the
acidic aqueous solution. The results clearly show that a
pure PVdF membrane does not have the ability to
. absorb the acid solution, which is in agreement with the
insulating property of this membrane. The absorbing
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ability is dramatically increased by the addition of PAN
or ceramic filler and an optimised composition can be
found in the ternary system PVdF-PAN-Al,0;.

From the vibrational spectra we can also obtain
structural information on the polymer matrix. The
results from the Raman experiments show that the
PVdF component undergoes a conformational change
during the preparation procedure.

To further investigate the functionality of the
different components of the membrane we can also
investigate acid interactions when it is entrapped in the
polymer matrix. By vibrational spectroscopy we can
monitor the dissociation degree. We observe that the
acid (H,80,) behaves differently inside the polymer
matrix than as a free aq. solution. By fitting the
recorded spectra of the soaked membranes and
calculating the ratio SO,/HSO,” we find that this value
is lower for the acid entrapped in the membrane. We
also see that the presence of dispersed ALO; particles
slightly increases the value of the ratio.

Conclusions

We have performed infra-red and Raman
spectroscopy on a new family of proton conducting
membranes based on PVAF/PAN-blends. The results
reveal the role of the PAN component as well as the
ceramic filler in providing the absorbing ability of the
acidic solution. We are also able to follow
conformational changes of the polymer matrix due to
the preparation procedure. Furthermore we observe that
the dissociation degree of the acid solution is decreased
when entrapped in the polymer matrix, influencing the
number of charge carriers in the system,
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Figure 1 FT-IR spectra of a PVAF/PAN membrane
before and after soaking in 6M aqueous H,SO, solution.
Characteristic PC bands are marked with stars (*).

-105 -



References

[1] E.Peled, T.Duvdevani, A.Melman, Electrochem. and
Solid State Letters 1 (1998), p. 210-211

{2] E.Peled, T.Duvdevani, A.Aharon and A.Melman,
Electrocem. and Solid State Letters 3 (2000), p. 525-
528

[3] M.A Navarra, S.Materazzi, S.Panero and B.Scrosati
1. Electrochem. Soc. 150 (2003), p. A1528-A1532

[4] M.A Navarra, S.Panero and B.Scrosati, submitted to
J. Solid State Electrochem.

- 106 - oth International Symposium on Polymer Electrolytes




PROTON CONDUCTORS & FUEL CELLS

Stability study of PEMFC ionomers through mode! molecules mimicking

polymer repeat units
M. Maréchal, J. Guindet, J.-Y. Sanchez
LEPMI Laboratoire d’Electrochimie et de Physico-chimie des Matériaux et des Interfaces de Grenoble
1130 rue de la Piscine, BP 75, Domaine Universitaire
38402 SAINT MARTIN D’HERES CEDEX, FRANCE
e-mail: manuel.marechal@inpg.fr, tel (+33) (0)4 76 82 65 62, fax (+33) (0)4 76 82 66 70

Introduction

PEMFC membranes are clearly identified as a
technological bolt. A rather broad range of proton-
conducting ionomers may fulfil the conductivity
requirements but not the lifetime ones [1]. Among the
ionomeric materials free of fluorine, thermoplastics
based on polyaromatic skeleton e.g. polyethersulfone
[2] or polyetheretherketone are often selected [3]. The
properties of these polymers and to a lesser extent their
sulfonated forms are rather well known [4] but few
studies deal with their electrochemical stability [5]. In
order to accelerate or to detect the potential
electrochemical instability, we selected to focus a cyclic
voltammetry study on mode! molecules. The latters
mimic the polymer repeat units, e.g. of UDEL® and
RADEL® polysulfones from SOLVAY and
polyetheretherketone (PEEK) as well as their sulfonated
forms. After their synthesis, their characterization was
performed by 'H NMR and C NMR. Their thermal
and electrochemical properties were thereafter
evaluated.

Experimental

Thermogravimetric analysis (TGA) was performed on
the materials in order to appreciate their thermal
stabilities. Melting points and glass transition
temperatures were measured using DSC and modulated
DSC. The electrochemical study plan follows gradual
complexation logic to reach the closest conditions the
polymer meets in a PEMFC. The molecules are studied
at 30°C then 80°C successively under argon, oxygen
and hydrogen.

Results

These molecules enable to begin a data base when
comparing their characteristic temperatures (glass
transition, fusion, start of degradation) with the
associated polymers ones.

The sulfolane is a well adapted solvent to our study
since (i) its electrochemical stability window is much
wider than that of water (ii) it dissolves both the neutral
model molecules and their ionic forms (iii) as its very
high boiling point enables high temperature analyses.
These following cyclic voltammetries are typical of
those obtained for the model molecules. It shows their
stability in the sulfolane electrochemical window and,
therefore in water. The molecule electrochemical
stability is thus known on the open operation range of a
PEMFC. If polysulfone, polyethersulfone repeat
monomer units and their sulfonated forms appear
absolutely stable within the electrochemical window of
sulfolane, PEEK and sulfonated PEEK models
molecules show an electrochemical instability, in
reduction, but out of the water electrochemical window.
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As for diphenylsulfide, repeat monomer wunit of

polyphenylene sulphide, it shows instability in
oxidation.
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acetonitrile' scan rate; 100 mV.s™

However, these preliminary studies were performed in
conditions far away from those met in a fuel cell.
Obviously the model molecule instability does not
necessarily induce a dramatic decrease of the membrane
lifetime. On the contrary, an electrochemical stability of
the model molecules is a warrant of the associated
polymer one.

Conclusions

The beginning data basis purpose is to create a
correlation between the model molecules and their
associated polymers. This tool allows circumventing the
study difficulties of polymers electrochemical stability,
e.g. insolubility, especially when a molecule mimicking
the associated polymer is easy to obtain.
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Introduction
The dawn of hydrogen economics, called upon to
counterbalance the looming peak of oil production, is
still delayed because of stringent scientific issues that
still need to be addressed in fuel cell research.
Nowadays, the investigation in this field is focused on
one hand on improving the efficiency of electrodes and
on the other hand on increasing the performances of
proton conducting materials. The preparation of
polymeric membranes based on hybrid inorganic-
organic  systems, such as ORMOCERs-APPE
(ORganically MOdified CERamics As Proton Polymer
Electrolytes), [1,2] certainly represent a promising
approach to the latter aspect of the problem. An
innovative supramolecular design for these systems is
represented by three-dimensional networks consisting
of Si, Zr or Ti knots bridged together by
macromolecular moieties like — (SiRyR,0),—. Ry and R,
“are functional groups that provide the desired sulphonic
or phosphonic acidity. This report presents a synthesis
of two new siloxanic protonic membranes of the
ORMOCERSs-APPE type.

These systems are fully characterized by means of
vibrational spectroscopy (FT-IR and FT-Raman),
morphological measurements (ESEM) and thermal
analysis (TG and DSC).

Experimental

Two membranes, A and B, were obtained via a

two stage procedure: the preparation of the e
precursor P and then the preparation of the

membranes. The first stage was carried out

under inert atmosphere and is illustrated in the CH,
Scheme. Membrane A was prepared by n,c—é;—o

suitable hydrolysis and activation in H,SO, 0.1
M. Membrane B was obtained by a similar
procedure, but also adding some o,w-
bis(hydroxi)-poly(dimethylsiloxane) to the
precursor water solution. Both membranes
were obtained as pellets under pressure at 80
°C.

Results and discussion

Membranes A and B are transparent and
homogeneous as shown by ESEM and EDAX,
respectively. Vibrational investigation (FT-IR
¢ FT-Raman) allowed us to determine the
network structure, the conformation of the
macromolecular bridges and the dipole-dipole
and proton-dipole interactions in the bulk of
the membranes. Membrane (A) is thermally

CHy
ngc-sn—o él—- |—o

stable up to 198 °C, while the second (B) up to 200 °C.
Both do not decompose up to 190 °C in flux of oxygen.
These protonic materials are chemically stable, very
easily filmable and can be used in a fuel cell operating
within the range 5 °C < T < 145 °C. Ionic exchange
capacity is of 0.33 meq/g for membrane A and 0.15
meq/g for membrane B. FT-IR and FT-Raman
confirmed that these materials are reticulated with
pendant acid functionalities -SO;H. The suggested
formulas  for  the  membranes are  (A)
{Si(CH;);[Si(CH3)HOJ1 26-[Si(CH3)((CH;):SO:H)O], 5
[Si(CH;3)((CH;);S8i(CH;),0-)-0]14-Si(CHs)3}, end (B)
{Si(CH;3)3[Si(CH3)HOl:1.26-[Si(CH3)((CH2);S03H) O] -
[Si(CH3)((CHy)s(8i(CH;),0-),.)-
O],[Si(CH3)((CH2)38i(CH3),0-)-01144Si(CH3)3} .
Conclusions

In this study two new siloxanic protonic membranes of
the ORMOCERs-APPE type were investigated. The
promising results are encouraging with respect to the
possibility of preparing membranes with performances
comparable to Nafion®.
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Solutions of acids in polar, aprotic solvents are of
great interest for their application in fuel cells or
electrochromic materials. Their electrochemical and
chemical stability, compatibility with polymers and
conductivity are the most intensively studied properties.
The knowledge of acid-solvent interaction is essential for
understanding of conductivity mechanism.

Cyclic carbonates are widely used as solvents for gel
electrolytes because of their high dielectric constant
leading to high conductivity values, and the wide
electrochemical stability window of their solutions of
varicty lithium salts. Among them, propylene carbonate is
particularly interesting thanks to its unique properties:
high dielectric constant (65 at 25°C), low viscosity (2.5 cP
at 25°C)" and lack of crystallinity of salt solutions.

Vibrational spectra of propylene carbonate were
analysed in details by Janz et al (Raman spectra) and
Pethrick et al (Raman and IR spectra)’. Raman and IR
spectroscopy are widely used to study ionic solvation in
liquid or solid electrolytes. Ionic association in PC doped
with various lithium salts were studied by many authors.
For example, Battisti et al found splitting or shift of the
maximum of several bands of PC in PC-LiClO,
solutions.* However, these authors did not observe major
changes in the peak of the carbonyl band. Barthel et al
studied changes in the position and shape of the carbonyl
stretching mode in PC -LiClO, solutions.® They observed
the decrease of the intensity of the band at 1780 cm™ and
increases of the intensity of new spectral feature at 1753
cm” with rise in the salt concentration. Cation solvation
in PC-nitromethane was studied by Yaeger et al. who
noticed presence of new band for PC-salt complex within
the carbonyl stretching vibration, peaking at 1773 cm™.6

PC was also used as a solvent for proton conductin§

electrolytes, alone or in mixtures with other solvents.”

9th International Symposium on Polymer Electrolytes

Jon-solvent and ion-ion interactions in these complex
systems were explained with the help of FT-ir or Raman
spectra analysis. However, in contrast to the PC-lithium
salt systems, spectra of acid doped systems based on PC
were not completely described. Additionally all of the so
far available data concern the studies at ambient or above
ambient temperatures. In the present study we undertook
an attempt to explain the interactions in the H;PO,-PC
mixtures by means of vibrational spectroscopy, viscosity
and conductivity results. We explained the solvation of an
acid in PC solution on the basis of low-temperature FT-ir
spectra, compared with viscosity and DSC data.
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Introduction

To face the rapid increase in the portable
device market, the improvement of today’s accumulator
becomes urgent. While providing great safety benefits,
Li-ion batteries are reaching their intrinsic limits in term
of energy and power density. To circumvent such a
limitation, a possible solution could be the use of
metallic lithium. systems. Nevertheless, this kind of
accumulators, well-known for ages due to their huge
potential, presents safety problems relative to the
irregular lithium deposition on the lithium metal
electrode surface upon subsequent charges, which leads
to dendrites formation. Such dendrites enhance the risk
of short-circuit, which could promote a thermal
runaway of the batteries, and cannot be prevented by the
use of a classical separator based on a classical
polyethylene membrane (Fig. 1a). To circumvent this
issue, Armand suggested the use of a dry solid polymer
electrolyte consisting of poly(ethylene oxide) (PEO)
and a lithium salt (Fig. 1b) . While limiting the
dendrites progression in the separator, the main
drawback of such a system is that batteries have to
operate above 60°C in order to reach a sufficient ionic
conductivity. In 1994, Bellcore developed a porous
polymer membrane mainly based upon poly(vinylidene
ltzlll.lorine-co-hexaﬂuoropropylene) (PVAF-HFP) (Fig. Ic)

Figure I: Schematic representations of polymer Electrolyte. 8) A
poly-olefin membrane in which the liquid electrolyte is held by
capillaries. b) Solid (dry) polymer electrolyte consisting of entangled
chains, through whick the Li ions (points) move assisted by the motion
of polymer chains. ¢) A hybrid (plasticized) network consisting of a
semicrystalline polymer, whose amorphous regions are swollen ina
liguid electrolyte, while the crystalline regions enhance the
mechanical stability.

Once soaked in liquid electrolyte, such
membrane system merges the merits of both
technologies, that is to say a good ionic conductivity
together with the ability to prepare flexible flat
configuration membranes, which prevent from liquid
electrolyte leakages. Such separator membranes are
being used in some of today’s plastic Li-ion cells.
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Nevertheless, even if this system gathers the required
qualities to be used as a separator in lithium metal
batteries, the polymer composing the membrane does
not seem to be stable versus lithium due to the presence
of fluorine atoms. .

To bypass the above issues, within this work,
we tried to combine the advantages of the liquid
electrolyte solvated PEO, which ensures a good
interface with the lithium, and the PVdF-HFP, which
enables the fabrication of free-standing gel polymer
electrolyte (GPE). To reach this goal, two different
routes have been pursued (Fig. 2). The first one, similar
to that of Nishimura et alP®| consists in solvating both
polymers separately prior to mixing them together in the
presence of a plasticizer to finally obtain a unique
membrane (denoted hereafter BM). The second way
consists in placing a PEO high molecular weight thin
film, acting as a buffer, between the lithium and an
industrially made PVdF-HFP membrane to produce a
bi-layer separator (denoted hercafter BLS) 1!,

Figure 2: a) Configuration of batteries using the blended membrane
and b) the bilayer separator.

In this presentation, we will describe the
lithium ion technology developed by Bellcore before
focusing on the improvement realized in order to use
the tithium metal as negative electrode.

Membranes characterizations

The electrolyte weight uptake has been studied
by dipping the two different membranes in a liquid
electrolyte solution. It has been shown that for BM,
whatever the composition in PEQ, a maximum was
reached after about 35 minutes. For the BLS the needed
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time was only 5 minutes. Over these times, whatever
type of membrane, the PEO started to diffuse into the
dipping solution. The ionic conductivity was measured
by means of impedance spectroscopy. For BM, a
linearly increase, depending on the PEO content
included on the membrane until 40%, was found. Above
this proportion, even if the conductivity is more
promising, the swelling of the film becomes too
jmportant to obtain a free-standing sample. Our study
was particularly focused on the membrane containing
30% of PEO, which exhibits an ionic conductivity
around 1.7 107 S/cm. For BLS, this value is equal to the
one of the only Bellcore separator (i.e. 10 Sfcm).

The physical and electrochemical properties of
these two polymer membranes configurations were
studied by various analytical techniques such as X-ray
diffraction (XRD), differential scanning calorimetry
(DSC), before and after soaking in liquid electrolyte.
For both systems, after the swelling, only the peaks of
PVdAF-HFP were recovered, evidencing the complete
swelling of the PEO.

Investigation on the LVGPE interface

Electrochemical impedance spectroscopy (EIS)
was performed on Li/GPE/Li symmetric cells. While
the electrolytic resistance remained stable even during
aging at 70°C over days, the interfacial resistance
exhibited a continuous increase by a factor equal to the
square oot of time typical of the expansion of a
passivation layer.

1000 .
PLO-LITPSI BLS 8t T=20°C
SepaFator wt T

o~ 1 00} o
2 30%PEO BM
8 atT20C
- ¥ 10 | 4

1 .

0.01 0.1 1

Current density (mA/cm?)

Figure 3: Representation of the time needed to short-clrcuit a
symmetric cell (tcc) versus current density,  for the different types of
separator.

However, it was proved, that under
polarization, this resistance underwent a huge decrease
meaning the modification of the passivation layer for
both types of separator.

To evaluate the performances of the GPE,
symmetric cells were polarized at different current
densities until a short-circuit appearance (Fig. 3). Such
experiments, developed by Rosso et al®, showed that
short-circuit occurs in BM at RT after a time of

polarization (denoted 7.c) similar to the one obtained
with a solid PEO-LiTFSI membrane separator at 90°C.
Meanwhile, 1. of BLS were 10 times higher indicating
the ability for the membrane to avoid the dendritic
growth inside the separator.

Cycling performances

Rechargeable Li/GPE/LisTisOr2 lithium flat
batteries were assembled and cycled at a C/2 rate in
discharge and at a C/10 rate in charge. Most of the
batteries based on the BLS underwent a random short-
circuit before reaching 100 cycles confirming the
drawback of such a separator under polarization. On the
opposite, all the batteries containing BLS sustained a
reversible capacity still exceeding 80% of the initial
capacity for 300 cycles at room temperature.
Nevertheless, even if the BLS seems to prevent short-
circuits, it has been shown, by post-mortem
investigations on cycled batteries, that it was not able to
avoid irregular lithium deposition along the operation of
the batteries. SEM pictures realized on a battery cross
section have revealed the formation of a lithium moss
upon cycling. It has been found that after less than 400
cycles, the initial 100um lithium foil was consumed to
produce approximately 300pm of lithium moss (Fig. 4).
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Figure 4: SEM picture of the cross section of a battery cycled about
400 times at C/2-C/10 rates.

This mossy lithium deposition was then
investigated by IR and co-focal Raman spectroscopy.
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Introduction

Current electroactive polymer (EAP) actuators!!,
which directly respond to external electrical simulation
by displaying a significant shape or size displacement,
can be driven only at a high voltage or in aqueous
media, therefore they have safety defects or long-term
stability problems, which result in restrictions in the
operating conditions. In this research, to complement
these defects, we have proposed and realized the
application of an electric double layer capacitor (EDLC)
using an ion gel®, which is made by radical
polymerization of vinyl monomers in a non-volatile
ionic liquid, to a new EAP actuator that can be driven at
a low voltage under an atmospheric condition. From the
specific bending displacement that the actuator shows to
the external applied voltage, we investigate the principle
of the applicability of the EDLC using the ion gels to
the new actuator, and approach to the elucidation of
operating mechanism.

Experimental

The jon gel was obtained by in sitw radical
polymerization of methy! methacrylate (MMA) in an
ionic liquid, 1-ethyl-3-methylimidazolium
bis(trifluoromethane sulfone)imide
([emim][N(SO,CF;),}; EMITFSI) as the polymerization
solvent. Then, an EDLC was made by adhering carbon
powder to both sides of the ion gel and cutting it into 2
ribbon. The EDLC was supported by clamping the one
end and displacement of the free end of the EDLC was
measured by a laser displacement meter. The
displacement responses in the air were stimulated by
applying rectangular wave form voltage (+ 1.5 V) ata
cycle of 20s or 120s, and triangular wave form voltage
(1.5 V) at a scan rate of 0.01V s to 9 Vs™,

9th International Symposium on Polymer Electrolytes

Results and discussion o

The displacement responses of the EDLC to the
applied voltage were always bends to the anodic side,
and the applicability to a new actuator driven at+ 1.5 V
in the air could be found. Firstly, on applying
rectangular voltage, the displacement increased with
increasing the charging of the electric double layer.
Secondly, on applying triangular voltage, the
displacement respose reversibly followed the forwarded
and backwarded volatege change. According to these
responses, it was considered that the actuator could
convert a part of the electric energy that was stored at
the electric double layer into the dynamic energy that
was used for the deformation, and the charging and
discharging was associated with the reversible
deformation.

Conclusions

It became clear that it was possible to apply the
EDLC using the ion gel as a polymer electrolyte to EAP
actuators, and we succeeded in the invention of the new
actuator driven at low voltage under atmospheric
condition,
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Introduction _

Lithium-ion batteries are currently or soon will be
the battery of choice for high-energy applications such
as portable electronics, telecommunications and hybrid
electric vehicles. The next generation lithium metal
batteries require different, preferably solid-state,
electrolytes. Polymer electrolytes appear to be the most
promising, but their jonic conductivity at ambient-
moderate temperatures is much too low. New
methodologies are required to improve the performance
of such electrolytes [1].

Ionic liquids (ILs) — salts which are liquids at or
near room temperature — are revolutionizing many
technologies resulting in more environmentally friendly
‘greener’ chemistry. Here it is shown that the
incorporation  of room-temperature ILs into
conventional PEO-lithium salt electrolytes dramatically
improves the performance (i.e., specific energy and
power) of solid-state lithium metal batteries at low
temperatures. These are true ‘dry’ polymer electrolyte
consisting only of commercial PEO and two salts (with
Li* and organic cations and common anion).

Experimental

PEO, avg. M, ca. 4x10° (Union Carbide), LiTFSI
(3M), V,05 (Pechiney) and carbon (Ketjen Black, Akzo
Nobel) were dried under vacuum for 48 hrs at 50 °C the
first and at 150 °C the others. PYRsTFSI was prepared
as described previously [2]. The salt is a clear liquid at
room temperature. The materials were stored and
handled in a dry room (< 1% relative humidity, 20 °C).
Polymer electrolytes and composite cathodes were
prepared by mixing the desired amounts of PEO,
LiTFSI and PYR3TFSI and V,05 and carbon for the
latter. The mixtures were vacuum sealed in coffee bags
and annealed at 60 °C and 90°C, respectively, for 24
hrs. Thin polymer electrolyte films were prepared by
hot-pressing the mixtures at 110 °C between two Mylar
sheets. Composite cathode films were made by
calendering the mixture at room temperature. No
solvent was used in the electrolyte and cathode
preparations. Thin layer cells were prepared by
sandwiching the appropriate components (lithium foil,
electrolyte film, cathode film). The cells were vacuum
sealed in coffee bag envelopes and then laminated by
hot-rolling at 100 °C to optimize the contact between
the cell components. The measurements were
performed using a Solartron Electrochemical Interface
(ECI 1287), a Solartron Frequency Response Analyzer
(FRA 1260) and a Maccor Battery Cycler (Series 4000).
All cells were thermally equilibrated for at least 1 hr at
the selected temperature prior to measurements.
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Results and discussion

The ionic liquid containing polymer electrolytes and
cathodes have been subjected to an extensive
electrochemical characterization that will be presented
at the meeting. The overall behavior is well represent in
Figure 1 where is reported the cycling behavior of a
Li/V,0s battery operating at 40°C. In spite of the
relatively low temperature for a dry polymer electrolyte,
the battery was able to deliver more than 250 mAhg at
C/20 rate. Except for the first cycle, the cycle efficiency
approaches the unity while the fading shown by the
battery is obviously due to the intrinsic irreversibility of
the lithium insertion/extraction process in crystalline
V,0s cathode.
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Figure 1. Cycle performance of a Li/P(EO),LiTFSI+x PYR;TFSI
(x= 1.73)/V,0s cell at 40°C. The discharge and charge were
performed at C/20 rate. Empty marker: discharge capacity, solid
marker: charge capacity.

Conclusions

It is important to emphasize that the solid polymer
electrolyte membranes proposed here were actually
utilized and tested in flexible, thin solid-state Li metal
batteries (with no volatile components) at low
temperatures. The batteries were able to deliver about
200mAhg” after 40 deep discharges at 40°C. To our
knowledge this is the best performance obtained for
‘dry’ polymer electrolyte-lithium metal batteries at such
a moderate temperature. A further optimization (or
selection) of the ionic liquid is expected to allow room
temperature operation,
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Introduction

Research and development of all-solid-state
lithium polymer batteries (LPBs) have been carried out
with the goal of the realization of an electric power load
leveling system for customer use. Since LPBs don’t
contain organic electrolyte solution, their safety has
been improved markedly. Moreover, the scale-up of the
battery system is expected to be realized by multicell
stacking in a single external package. The suitable
management of each cell is required through the
utilization of cathode materials with high voltages, to
achieve a simple and low cost battery system. The
conventional solid polymer electrolytes (SPEs) used in
the LPBs are poly(ethylene)oxide (PEO) and its
derivative. However, the oxidation decomposition of
the SPE takes place at over 4 (V vs. Li/Li*). Therefore,
the most commonly reported cathode materials for the
LPB were 3V-class ones (e.g, V,0s), and the R&D of
the 4V-class (e.g, LiCoO; and LiMn,0,) LPB systems
is now in progress.

We have so far advpcated the ‘Concept of a
polymer—ceramic composite’ gs a guiding principle in
the design of a battery with the capacity for high-
voltage operation. By having an oxidation resistance
inorganic electrolyte intervene between the cathode
active material and the SPE, we hope to achieve battery
operation in a voltage region higher than the potential
window of SPEs (Figure 1). To date, we have

High Voltage Cathode

React with
Organic Electrolytes

Ceramic Electrolyte

Polymer Electrolyte

Fig. 1 Conceptual figure of the ‘Concept of a polymer-
ceramic composite',
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conducted experiments using the thin-film cathode, in
order to examine the principle described above [1].
However, when the utilization of LPB is considered, it
is essential to examine the application powder cathode
sheet of the cathode active material, SPE, and
electronically conductive additive [2]. In this research,
after preparing the LPB using the application cathode
sheet, the degradation factor of the 4V-class LPB was
estimated by means of electrochemical analysis. Then
the protection of SPE from oxidation was proposed by
its combination with inorganic electrolyte. Furthermore,
high-voltage and high-capacity LPBs [3] were
demonstrated.

Experimental

The matrix polymer used for the SPE sheet was
P(EO/MEEGE/AGE)=82/18/1.7 (Daiso). The ratio of
the LiTFSI (LiN(SO,CF;);) in the polymer was
[Li)/[ether oxygen]=0.06, and the thickness of the SPE
film was approximately 50 um. The cathode sheet
consisted of LiCoO, as a cathode active material,
acetylene black as an electronically conductive additive,
and the P(EO/MEEGE)-LiBETI . (LiN(SO,CF,CF;),)
complex as an ionically conductive binder. The SPE
sheet was cut into disks which were then sandwiched
between lithium metal and a cathode sheet, and finally
encapsulated in the 2032 type coin cell.

For the electrochemical analysis of battery
degradation, ‘constant voltage impedance measurement
method’ was applied. The cell was charged up to 4.2
(V vs. Li/Li"). Then the complex impedance
measurements were performed at intervals of one hour,
while the cell potential was maintained at 4.2 (V vs.
Li/Li*) (200 kHz ~ 50 mHz, under 10 mV ac amplitude;
PAR VMP 2/Z). The time dependence of the
impedance spectrums, which were obtained from the

fitting program of ZSimpWin, was discussed.

For high-voltage LPBs, application cathode
sheets using the LisPOs-coated LiCoO; powder
(LisPO4/LiCo0,=3/97 by weight) and Li;PO4mixed
LiCoO,; powder (Li;PO,/LiCo0,=5/95 by weight) were
fabricated. After preparing the LPBs (see above), the
charge-discharge tests were performed at 3.0-4.6 (V vs.
Li/Li*) with the current density of 0.05 (mAcm?), All
measurements were performed at 333 (K).

Results and discussion

Figure 2 shows the time dependence of the
impedance spectrum for the LiCoO, cathode/SPE/Li
cell at 333 (K) and 4.2 (V vs. Li/Li"). Two semicircles
were observed in the impedance spectrum and it can be
separated into three components, the SPE bulk (R,), the
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SPE/Lithium interface (RLinium) and the SPE/LiCoO, approximately 140 (mAhg™"). As mentioned above, it

cathode interface (Rcamodc), from high frequency. At the was confirmed that the ‘Concept of a polymer-ceramic
time that the high voltage was applied, the increase in composite® is effective in LPBs.
Reatos: Was dominant compared with that of R, or Furthermore, not only the Li;PO4-coated
Riimiume It is considered that the oxidation system but also the LiyPO;-mixed system was excellent
decomposition of SPE has taken place at the in the characteristic. In a future presentation, these
SPE/LiCoQ, interface. When aiming at LPBs which topics will be discussed in greater detail by using
can operate at high voltages, it is concluded that the ‘constant voltage impedance measurement method’.
protection of the cathode interface is necessary.

Figure 3 shows the charge-discharge curves of Acknowledgments
the Li/SPE/LiCoO, cells, namely, those which are The authors are grateful to Daiso Co., Ltd., for
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adopted according to the result in Ref [1]. Even
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Fig. 2 Impedance spectra of a LiCoO2/SPE/ Li cell at 333 (K) and 4.2
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Introduction

Surface-coating of active battery materials and also of
current collectors is commonly used e.g. for decreasing
contact resistances or improving self-discharge,
corrosion and safety characteristics. We have developed
a dip-coating process (Substrate Induced Coagulation,
SIC) resulting in self-assembling of nanoparticles on
preconditioned surfaces. SIC is a method for coating
surfaces uniformly with layers of nano-dispersed
particles. It uses intermolecular forces between a
surface pre-treated with a polymer and particles
dispersed in aqueous or non-aqueous solutions [1]. The
stability of the dispersion can be adjusted to a point
where the interaction with the polymer-modified surface
leads to coagulation of the particles, forming a layer on
the surface (see Fig, 1).

Figure 1: Substrate induced coagulation (SIC). a) The
substrate is conditioned by dipping into a polymer
solution. b) rinsing to remove unbound polymer. c)
dipping into a dispersion of carbon black. d) rinsing to
remove unbound particles.

A typical application of the SIC process is coating of
particles of LiCoO, (the most common cathode material
for lithium ion cells) with carbon black (to improve
conductivity or with ALO; (to reduce oxidative
electrolyte decomposition). Core-shell materials of this
kind have been presented recently (2, 3]. Following the
coating-process an elevated temperature treatment can
remove undesired traces of conditioner or surfactants
required to stabilize the dispersions.

9th International Symposium on Polymer Electrolytes

Experimental, results and discussion

The effect of polymer pre-conditioning on the amount
of adsorbed carbon black particles may be illustrated by
Fig. 2, showing electron micrographs of a mica surface
(a) conditioned with polyvinyl alcohol (PVA, ca. 40
nm) and (b) non-conditioned after dipping in a solution
of carbon black in N-Methyl-2-pyrolidinone.

Figure 2: SEMs of carbon black coated mica surfaces.
PVA-conditioned (left), un-conditioned (right).

Conclusions ,
SIC is a simple, cheap and versatile coating method, in
particular for powder substrates. It is unique in its
general applicability: virtually all kinds of substrates
can be coated with any kind of fine materials. The
restriction that the SIC process can only be performed
in aqueous solutions has now been overcome by the
development of a non-aqueous process.
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Introduction

The separator membrane in batteries and fuel cells is of
crucial importance for the function of these devices. In
lithium ion batteries the separator membrane as well as
the polymer matrix of the electrodes consists of polymer
electrolytes which are lithium ion conductors.

To overcome the disadvantage of currently used
polymer electrolytes which are highly swollen with
liquids and thus mechanically and electrochemically
unstable, the goal of this work is a new generation of
solid polymer electrolytes with a rigid backbone and a
soft side chain structure. Moreover the novel material
should be based on cheap substrates and its synthesis
should not be complicated aiming at low overall costs.

Experimental

The new materials are based on hydroxypropylcellulose
and oligoethyleneoxide derivatives as starting materials.
The grafting of the oligoethyleneoxide side chains onto
the cellulose was carried out following two synthetic
methods. One is based on a bromide derivative and
another based on p-toluolsulfonyl as a leaving group.
The side chain reagents were prepared form tri(ethylene
glycol) monoethyl ether. In order to improve the
mechanical properties the materials were crosslinked.
Two different conceptions have been engaged based on
either urethane chemistry or photosensitive dimethyl-
maleinimide derivatives. PEO - graft - cellulose
derivatives with a high degree of substitution between
2,9 and 3,0 were blended with lithium trifluoromethane-
sulfonate, lithium bis(trifluorosulfone)imide and lithium
tetrafluoroborate. The molar ratios were in the range
from 0,02 to 0,2 {Li}/[O]. The products have been
characterized with nuclear magnetic resonance (NMR),
gel permeation chromatography (GPC), matrix-assisted
laser desorption/ionization-time of flight mass spectro-
metry (MALDI-TOF MS), laserlight scattering (LS) and
x-ray diffraction (XRD) with respect to their degree of
substitution, molecular weight and chemical structure,
The effect of salt concentration on ionic conductivity,
thermal behaviour and morphology has been investiga-
ted with impedance spectroscopy, differential scanning
calorimetry (DSC) and thermal gravimetric analysis
(TGA). The crosslinking reactions were controlled with
dynamic mechanical analysis (DMS).
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Results and discussion

The degree of substitution of our products is varying
between 2,8 and 3,0 as determined by NMR. PEO -
graft - cellulose derivatives are highly viscous liquids at
room temperature with glass transition temperatures
around 215 K. The glass transition temperature for the
Lithium salt complexes of PEO - graft - cellulose deri-
vatives increase with increasing salt content. The
maximum conductivity at room temperature is about 10°
4 and at 100°C around 107 Scm. The presence of
lithium salt decreases the thermal stability of the
complexes in comparison to pure PEO - graft - cellulose
derivatives. Complexes heated over 140 - 150°C
completely lose their ionic conductivity. The
temperature dependence of the conductivity presented
as Arrhenius-type plots for all samples is similar in
shape and follows a VTF behaviour. This proofs that the
ionic transport is closely related to the segmental
motions of the polymer chains.

Conclusions

Novel celtulose derivatives with grafted oligoethylen-
oxide side chains with well-defined chemical structure
and high side chain grafting density have been
synthesized. Cellulose was chosen as stiff, rod like

. macromolecule for the backbone while oligoethylen-

oxides are chosen as flexible side chains. A maximum
grafting density of 3.0 have been obtained. The best
conductivity reaches 10* Scm™ at 100°C for a Li-
triflate salt complex with a [Li]/{O] ratio of 0.8. The
cross-linked complexes containing the lithium salts
form elastomeric films with convenient mechanical
stability. Our method of cellulose modification is based
on relatively cheap and commercially available
substrates and as such appears to be a promising
alternative for industrial applications.
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During recent years, there has been growing
interest in electrochemical measurements of
solid or semisolid systems performed in the
absence of liquid electrolyte phase [1-3].
Representative  examples of  applicable
materials include polymer-attached redox
molecules and redox ions that are exchanged
into ionomer polymers, ionically conducting
mixed-valence inorganic solids, redox melts,
systems consisting of redox species dissolved
in ionic polymer solvent or solid electrolyte,
and systems prepared by sol-gel chemistry.
The systems are considered for such
technologies as charge storage in batteries and

redox capacitors, electrochromism,
electrosynthesis, microelectrochemical
electronics, analytical determinations and

amperometric sensing.

The presence of mobile charge-compensating
ions and the existence of mixed-valence redox
centers are among the main requirements for a
material to show electroactivity in solid, rigid
or semirigid (nonfluid) state with no contact
with  external liquid electrolyte. The
population of charged species (mobile ions
and electrons) must be fairly large in the
system in order to avoid problems with
migration and ohmic resistance. A robust
proton conducting polymeric electrolyte which
contains electroactive centers is an interesting
possibility in this context. It is noteworthy that
proton conductors are generally characterized
by potentially higher dynamics (diffusion
coefficients) of ionic transport in comparison
to alkali metal electrolytes at ambient and
moderate peratures. We explore here recent
achievements in the area of proton-conducting
polymer gels based on polyacrylates or
polymethacrylates [4-6]. The respective gel
electrolytes are typically two- or three-
component systems consisting of polymer
matrix swollen with a solution of proton donor
in a polar solvent. In the present work, we
continue our initial study in this area, and we
propose a novel dodecatungstophosphoric acid

9th International Symposium on Polymer Electrolytes

doped polymer gel that is bifunctional in
nature: HiPW;,04 acts as both proton donor
and as electroactive species. Further, the
polyoxometallate based proton conducting gel
functions as redox conducting material
because it contains large population of mobile
protons in addition to mixed-valent
polytungstate redox centers between which
fast electron transfers are feasible.

We demonstrate here the possibility ~of
preparation of nonaqueous proton conducting
gels containing mixed valent
heteropolytungstate
(dodecatungstophosphoric) redox centers. The
materials are physicochemically very stable,
and dodecatungstophosphoric acid serves both
as strong acid, i.e. source of mobile protons,
and as a well-behaved mixed-valent redox
system.

Electrochemical properties have been assessed
from ultramicroelectrode based solid state
voltammetric experiments performed in the
absence of external liquid electrolyte on bulk
gel blocks. By analogy to the behavior of
phosphotungstic acid single crystal, the results
are consistent with the view that the material

is characterized by well-defined redox
reactions.
The room temperature ionic (protonic)

conductivity of the bulk gel has been found to
be equal to 1.64x10° S cm™. The following
parameters have been determined from the
combination of potential step experiments
performed in two limiting diffusional regimes
(radial and linear): the concentration of
heteropolytungstate redox centers, 6x107 mol
dm?; and tzhe a[pparent diffusion coefficient,
)

5x107 cm The charge propagation
mechanism is interpreted as reflecting
primarily physical diffusion of

heteropolytungstate in the gel pores rather
than electron hopping (self-exchange).

{11 P. J. Kulesza, M.A. Malik, in ,Interfacial
Electrochemistry, Theory, Experiment, and
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Introduction

Proton-conducting polymers are important materials
due to their key function in applications such as
polymer  electrolyte  fuel  cells  (PEMFCs),
electrochemical sensors, and electrochromic devices
[1, 2]. However, most of these materials are dependent
on water or other small molecules to facilitate proton
conduction [3]. Because losses of these compounds are
practically unavoidable during PEMFC operation, there
is a need to develop new polymeric materials that are
capable of fast proton conduction in the absence of any
volatile compounds. The proton transport in these
materials should not rely on proton vehicles such as
water, but rather on intrinsically conducting polymers
with a fast proton transfer from proton donor to proton
acceptor sites. This is similar to the so-called
“Grotthuss™ mechanism, which is well known for water
[4, 5. Nitrogen-containing heterocycles have shown to
be interesting compounds in this context. Heterocycles
such as imidazole, benzimidazole, and pyrazole are in
many aspects similar to water in relation to their
respectively melting point [S]. They can also be
covalently tethered to polymer backbones which
prevents the proton conducting phase from being
leached out of the membrane. In these systems, a high
local mobility of the heterocycles are of major
importance for the conductivity [4, 6].

We have developed a series of fully polymeric model
compounds where benzimidazole units are tethered to a
polysiloxane backbone via short, flexible thioether
chains. Polysiloxanes are known for their outstanding
chain flexibility and are therefore expected to facilitate
a high segmental mobility in the materials. Fundamental
knowledge about the performance of these model
compounds may be of considerable interest when
designing the next generation of fuel cells which might
operate without the need of humidification. The
synthesis, thermal properties, and the intrinsic
properties with respect to proton conductivity are
discussed for these materials.

Experimental
1,3,5,7-Tetramethyl-1,3,5,7-tetravinylcyclosiloxane
(V4), and 1,3,5-hexamethylcyclosiloxane (D3) were
copolymerized in different compositions to form

poly(methylvinylsiloxane-co-dimethylsiloxane)

(PVMS). According to Figure 1, the viny! groups of the
copolymers were then reacted with benzimidazole-
functionalized thiols via a free radical thiol-ene reaction
in THF, with AIBN as the radical source. The samples
are designated bimiPVMSx, ware x is the molar
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percentage of vinylsiloxane groups in the PVMS. The
reaction was monitored by 'H NMR and FTIR-
spectroscopy. Thermal properties and stability were
studied by differential scanning calorimetry (DSC), and
thermograviometric  analysis  (TGA).  Proton
conductivities were determined by impedance
spectroscopy in the temperature range 20-150 °C. All
samples were carefully dried under vacuum at 65 °C for
several days before characterization. All further sample
handling was done in an argon filled glove-box.

Porton, -, Ndp

cH,

AIBN, thi, reflux

(e

Figure 1. Preparation of benzimidazole-grafted
polydimethylsiloxane.

Results and discussion

The composition of the copolymers was determined
by using 'H NMR-spectroscopy, and comparing the
integrated signal originating from the protons of the
vinyl groups between 5.7-6.1 ppm with that arising
from the Si-CH; protons at 0.1 ppm. The modification
of the PVMS was followed by observing the gradual
disappearance of the shift from the vinyl protons.
Simultaneously, shifts originating from the protons of
the thioether spacer, and the benzimidazole unit
emerged as the reaction proceeded. After 40 hours, all
vinyl groups were converted into thioether bridges. It
was also possible to follow the reaction by monitoring
the disappearance of the CH, wag vibration of the vinyl
group at 960 cm” using FTIR-spectroscopy.
Furthermore, IR bands from the N-H deformation and
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C=N in the imidazole ring of the product was observed
at 1540 cm™ and 1623 cm™ respectively.
All polymers were fully amorphous materials, and

showed single glass transition temperatures (Tg). As -

expected, the T's of the modified PVMS’s were
dramatically increased as compared to the neat PVMS.
The Tg's ranged from -125 °C for the unmodified
PVMS to 59 °C for bimiPVMS57, as measured by DSC
(Figure 2). All samples were stable up to 165 °C
according to the TGA measurements.

+3400

0 10 2 2 © ® [
molar parcentage of modiflad slioxane groups In the polymers

Figure 2. The effect of the benzimidazole content on
T, :

Proton conductivities just above 10 pS/cm were
measured for bimiPVMS57 at 150 °C under anhydrous
conditions. The conductivity can most probably be
greatly improved by adding a suitable acid as dopant.
The temperature dependence of the conductivity was
more pronounced in the materials with a higher
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concentration of benzimidazole in the temperature range
studied. This is a consequence of the higher T, in these
materials. However, as the temperature was increased,
the conductivity of the samples with high
concentrations of benzimidazole increased sharply. The
Arrhenius conductivity curves were convexly shaped,
an indication that the conductivity was promoted by
segmental mobility.

Conclusions

We have synthesized model compounds based on
polysiloxanes grafted with benzimidazole units via short
thioether spacers. The modifications resulted in
materials showing a maximum conductivity above 10
puS/cm at 150 °C for the best performing sample under
anhydrous conditions. However, adding a polymeric
acid to the system is expected to increase the
conductivity by an order of magnitude. Obviously, the
thermal stability of the materials has to be improved if
the materials are to be used under harsh conditions, such
as in a fuel cell.
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Introduction

The crystallinity of PEO-based polymer electrolytes
results in low ionic conductivities and has led to a
search for alternative polymer hosts that are amorphous.
In an early publication, Harris et al. [1] studied the ionic
conductivity of branched poly(ethylenimine), BPEI,
complexed with sodium trifluoromethanesulfonate
(NaTf) based electrolytes for potential application in
high energy density batteries. That work indicated a
maximum conductivity of 2 x 10% § ecm™ at 40°C for
the N:Na=20 (molar ratio) complex. The present
research examines BPEL:NaTf complexes whose
compositions range from 20:1 to 2:1, using FT-IR
spectroscopy, calorimetry and ac  conductivity
measurements.

Experimental

BPEl (number average molecular weight=10,000) was
obtained from Aldrich. BPEI-NaTf samples were
prepared in an argon atmosphere glove box by
dissolving weighed amounts of BPEI and NaTf in dry
methanol. The BPEI-NaTf solutions were stirred over
night before castin$ as films. Infrared data at a
resolution of 1 cm™ were recorded using a Bruker
IFS66V spectrometer with a KBr beam splitter over a
range of 500-400 cm™', DSC data were collected using a
Mettler DSC 820 calorimeter under a dry nitrogen purge
at heating and cooling rates of 5°C/min. After drying 24
h in the glove box, and 24 h under vacuum, the 20-30
mg samples were sealed in 40 pL aluminum pans.
Conductivity measurements were made over the
frequency range 0.005-10000 kHz using a Hewlett-
Packard 4192A LF impedance analyzer. The samples
were cast directly onto a stainless steel electrode in an
argon atmosphere. The samples were allowed to dry 24
h in the glove box and 24 h under vacuum before
testing. Powder X-ray diffractograms were recorded
using a Scintag XTRA diffractometer with CuKa
radiation over the range 8 < 26 < 50° in 20 steps of
0.100° with scan rate of 0.75° min™".

Results and discussion

A spectral study of the NH stretching and NH bending
regions in BPEI shows that the primary amines
dominate these regions of the spectrum. In the IR
spectrum, the primary amine groups give rise to two N-
H stretching modes; vi(NH,) at 3279 em™ and vis(NH3)
at 3352 cm™. The vibrational frequency of the
secondary amine group in BPEI, v(NH), overlaps with
v{(NH,) at 3279 cm™". Upon addition of NaTf to bring
the solution to a 3:1 composition, both v(NH,) and
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vis(NHy) bands become sharper and shift to higher
frequencies. The asymmetric band shifts by 26
wavenumbers to 3378 cm”, and the symmetric band
shifts by 30 wavenumbers to 3311 cm'. For
comparison, in the 3:1 BPEL-LiTf system, v,(NH,) and
v.(NH.) bands are shifted only to 3305 cm™ and 3370
cm respectively, confirming that the Na-N interaction
is weaker than the Li-N interaction [2].

At a 4:1 N:Na ratio, two bands abruptly appear at
approximately at 3469 cm' and 3454 cm”. The
intensity of these two bands increases with addition of
salt, however their frequencies do not shift. The
appearance of these bands is probably related to the
formation of a crystalline phase at high salt
concentration.

BPEI is an amorphous polymer with a glass transition
temperature Tg=-55°C. Upon addition of NaTf, T,
increases regularly and reaches 5°C at a 5:1
composition, but then decreases to about -10°C at a 3:1
composition. Furthermore, for salt compositions of 4:1,
3:1, and 2:1, the existence of a crystalline phase is
indicated by an endotherm peak of melting at 63°C. The
presence of a crystalline phase has been confirmed by
the observation of sharp peaks in the X-ray powder
diffractograms of the 3:1 materials. These peaks are
unrelated to the peaks of pure NaTf The ionic
conductivity of the BPEL:NaTf complexes was also
studied at several compositions from 20:1 to 2:1 in a -
temperature range from room temperature to 80°C.
Additionally, the effect of salt concentration on the
ionic association in the BPEI:NaTf complexes was also
examined.

Conclusions

A general trend towards structural order in BPE:NaTf
systems was noted with increasing salt concentration.
Spectroscopically, this is shown by a sharpening of the
bands, especially in the NH stretching region.
Thermally, the increase in T; upon addition of salt and
the appearance of a T,, above a 4:1 concentration
confirms this structural order. Finally, the strong and
sharp peaks in the X-ray powder diffractograms are
unambiguous evidence for long range structural order
rather than local order in the BPEI:NaTf complexes.
References i

m Harris, C. S.; Ratner, M, A,; Shriver, D.F,, J.
Am. Chem. Soc. 2220 (1987) 1778. :

[2] Paul, J.-L; Jegat, C.; Lassegues, J.-C.,
Electrochim. Acta 37 (1992) 1623.

=131



132 ‘ 9th International Symposium on Polymer Electrolytes




P OSTEHR

Activating Effect of Boron Trifluoride on the Ionic Conductivity of Lithium
Carboxylates

Aneta Affek*, Anna Tomaszewska, Ewa Zygadlo-Monikowska, Zbigniew Florjanczyk
Warsaw University of Technology, Faculty of Chemistry, ul. Noakowskiego 3, 00-664 Warsaw, Poland
*corresponding author: ¢-mail: amolenda@ch.pw.edu.p), tel. (+48-22) 660-7114, fax (+48-22) 660-7279

Intreduction

Recently it has been discovered that certain compounds
containing boron, oxygen, carbon and hydrogen can
serve as improved electrolyte additives in rechargeable
lithium batteries. Angell et al. prepared electrolytes
where the solvent of the electrolyte consists
predominantly of a borate ester ring compound [1]. The
electrolytes showed a wider electrochemical stability
window than other conventional systems. The
fluorinated boron-based compounds bearing different
fluorinated groups are described as an anion trapping
moiety enhancing the ionic conductivity and cation
transference number of electrolytes [2].

In this work we describe the preparation and properties
of fluoroborate molecules obtained in the reaction of
lithium salts of carboxylic acids with boron trifluoride
etherate. These compounds are used as additives for the
polymer-in-salt electrolytes for enhancing ion
dissociation and promoting a predominance of cation
conduction.

Experimental

The fluoroborate compounds were prepared by mixing a
solution or dispersion of lithium carboxylate in
acetonitrile and a molar excess of boron trifluoride
etherate. To prepare the electrolyte, the fluoroborate
compound, lithium salt and polymer matrix were
dissolved in acetonitrile. An acrylonitrile (AN) and
butyl acrylate (BuA) copolymer was used as the matrix.
The solution was cast on a flat Teflon disc and dried in
a vacuum oven. The impedance measurements were
carried out on an Atlas 98HI impedance analyzer in the
temperature range from 20 to 80°C.

Results and discussion

The insertion of BF; to the “polymer-in-salt” system
comprising a carboxylate lithium salt causes a
significant effect on ionic conductivity. Figure 1 shows
the temperature dependence of the ionic conductivity
for electrolytes based on pristine lithium acetate and
lithium acetate with the addition of BF;. FTIR analysis
shows a weak interaction of lithium ions and CN groups
present in the polymer matrix [poly(AN-co-BuA 2:1].
The spectral and X-ray analysis of the product of the
reaction of lithium laurylate and BF; shows that in such
systems fluoroborate esters can be obtained (Fig. 2).
The presence of the fluoroborate esters in the electrolyte
has an advantageous effect on the lithium ion mobility.
At the same time the formation of LiBF, is observed.
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Figure 1. Changes of conductivity as a function of
inverse temperature for the (CH;COOLi+BF;) /
poly(AN-co-BuA 2:1)[1.2:1] electrolyte.

Figure 2. Molecular structure of C;3HysB,O4Fs. The
carbon, oxygen, boron and fluorine atoms are shown in
gray, red, green and blue, respectively. The hydrogen
atoms are omitted.
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Introduction

Polymer electrolyte fuel cells (PEFC) have attracted
significant attention for their highly power densities.
Most of the PEFCs employ hydrated perfluorosulfonic
polymer membranes, typically Nafion®, and, their
operating temperature is limited by the boiling point of
water, which causes several drawbacks such as low
energy efficiency, catalyst poisoning by CO in the
reform gas etc. Therefore, fuel cell operation at higher
temperature is desirable.

We have directed our attention to ionic liquids, which
have great thermal stability, and revealed that Brensted
acid-base protic ionic liquid system of imidazole (Im)-
bis(trifluoromethanesulfonyl)imide (HTFSI) serves as
fuel cell electrolytes at elevated temperatures and the
fast proton conduction via proton exchange reactions
(proton hopping) between the protonated Im cation and
Im occurs in Im-rich compositions.” In this study, we
chose 2,5-diphenyl-1,3,4-oxadiazole (DOD), which has
higher thermal stability than Im as a Brensted base and
prepared DOD-HTFSI complexes with varying
compositions. The properties of the complexes as fuel
cell electrolytes at elevated temperatures were
evaluated. Finally, we applied the concept of DOD-
HTFSI complexes to a polybase, poly[p-phenylene-2,5-
(1,3,4-oxadiazole)] (POD) and studied the thermal
behavior, ionic conductivity and fuel cell characteristics
of the complexes of POD neutralized by HTFSI. The
ultimate goal is to realize solid-state proton conductors
under entirely non-humidifying conditions with high
operational temperatures.

Experimental

Appropriate amounts of
bis(trifluoromethanesulfonyl)imide (HTFSI) and 2,5-
diphenyl-1,3,4-oxadiazole (DOD) were mixed at
various molar ratios to have DOD-HTFSI complexes.
The POD-HTFSI complexes were, on the other hand,
prepared by immersing POD films into an
HTFSl/toluene solution, followed by vacuum drying,
and were identified by FT-IR. The physicochemical
properties and the proton transport behavior of the
DOD-HTFSI and POD-HTFSI complexes were studied
by thermogravimetry, differential scanning calorimetry,
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complex impedance method, and electrochemical
polarization.

Results and discussion

The ionic conductivity for DOD-HTFSI complexes
exhibited maximum at [DODJ/[HTFSI] = 812
composition. The activation energy for the ionic
conduction decreased with increasing DOD mole
fraction. Since the number of ion carriers, HDOD"* and
TFSI', is maximum at the equimolar composition, the
increase in ionic conductivity with increasing DOD
mole fraction indicates enhanced ionic mobility, which
is also confirmed by the lower activation energy. The
conductivity in DOD excess compositions therefore
may be due not only to ionic species like HDOD" and
TFSI, but also to proton hopping through free DODs.

To explore electrode reactions of the complexes at
the three-phase boundary of the complex/Pt/H, or O,
cyclic voltammetric measurements were conducted,
using a two-compartment glass cell under dry Ny, H,, or
0O, gas bubbling atmosphere. The complexes were
found to exhibit electroactivity for both H, oxidation
and O, reduction at a Pt electrode. Furthermore, when
the working and counter electrodes were under O and
H, bubbling atmospheres, electric power generation was
observed.

Since the DOD-HTFSI complexes work as fuel cell
electrolytes, we focused our attention on constructing
solid-state proton conductors using the polybase, POD,
based on the concept of DOD-HTFSI complexes. FT-IR
measurements were conducted to characterize the
interactions between the polybase POD with the dopant
acid HTFSI. The stretching vibration band of N-H* was
observed around 2600 cm™, This indicates that POD is
protonated with HTFSI to form the POD-HTFSI
complex, After the thermal analyses and the ionic
conductivity, the prospect of the POD-HTFSI
complexes as fuel cell electrolytes was evaluated by
using a single cell comprised of the membrane electrode
assembly (MEA) with the PODJHTFSI complexes.

Reference
1) A. Noda et al., J. Phys. Chem. B, 107, 4024-4033
(2003).

-135 -



-136 . 9th International Symposium on Polymer Electrolytes



P OSTER

Characterisation of new ormolytes for zinc Batteries

S.C. Nunesl, V. de Zea Bermudez ‘, M. M. Silvaz, S. C. Barros, M. J. Smithz, R.A. . Sa Ferreira3,

L. D. Carlos* J. Rocha*

!Department of Chemistry, University of Tras-os-Montes and Alto Douro, 5001-911 Vila Real, Portugal
Department of Chemistry, University of Minho, Gualtar, 4710-057 Braga, Portugal
*Department of Physics and CICECO, University of Aveiro, 3810-193 Aveiro, Portugal
4Department of Chemistry and CICECO, University of Aveiro, 3810-193 Aveiro, Portugal
e-mail: snunes@marao.utad.pt, tel (+) +351259350253 , fax (+) +351259480

Introduction

Over the last few years the research, development and
technology of zinc-based primary and secondary
batteries has progressed significantly [1]. Zinc-
containing systems present several advantages: low-
toxicity, low cost, high stability, high volumetric and
specific density and high availability of natural
resources.

A few studies have been focused on the investigation of
polymer electrolytes [2] and gel polymer electrolytes
[3] doped with Zn®" ions.

In the present work, the synthesis and characterisation
of the morphological, structural, thermal and
electrochemical properties of innovative sol-gel derived
poly(oxyethylene) (POE)/siloxane hybrid electrolytes
(di-ureasils) incorporating zinc triflate (Zn(CF;SO;),)
are reported. The framework of the di-ureasils contains
POE chains with about 40.5 repeat units bonded by
means of urea linkages to the siliceous backbone. The
materials prepared were identified by the notation d-
(2000),Zn(CF3S0;),, where d represents di, U the urea
group, 2000 the average molecular weigh of the organic
precursor and n (salt composition) is the molar ratio
OCH,;CHy/Zn*,

Experimental

A series of notation d-(2000),Zn(CF;S0s); di-ureasils
samples with n 2 1 were prepared according to a
procedure described previously [4].
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Results and discussion

The analysis of the diffractograms and the termograms
of d-U(2000),Zn(CF;SO03), xerogels demonstrates that
the addition of zinc salt inhibits the formation of
crystalline phases at n 2 10 . The thermal decomposition
of the ormolytes is initiated at approximately 300 °C. At
30 and 100 °C the most conducting ormolytes are
d-U(2000)Zn(CF;S05),  (3x10°  Q'em?) and
d-U(2000)50Zn(CF;505), (7x107° Q@'em™), respectively.
Conclusions

Promising  Zn(CF380;),-doped hybrid electrolyte
materials with good thermal stability and encouraging
ionic conductivity were produced by the sol-gel
chemistry.
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Introduction

Years ago we have started working on bisphenol-A-
polysulfone (PSF), known as Udel-1700, at that time
from Amoco, and its sulfonated derivative PSS [1].
Some features on the sulfonation process, sulfonation
agents, intrinsic viscosity variations were already
investigated [2]. In this paper we focus our attention on
the characterisation of PSS by different methods such as

IH NMR, 13C NMR, FT-IR-spectra, elemental and
thermal analyses. In addition, a new way of sulfonation
level assessment by 'H NMR and an acid-base titration
technique will be proposed. Up to now, a great deal of
information on PSS has been published by some authors
[3, 4]. However, there is no comparative data on
different analytical methods, concerning a whole range
of sulfonation degree of PSS. Most of the
characterizations seem imprecise or (and) time-
consuming. In membranes based on these
unidimensional Ionomers, mechanical properties and
lifetime, strongly depend on the chain lengths. It is
therefore essential to disposc of accurate and rapid
methods to characterize the lonomers.

Experimental

Sulfonation with [(CH3)3SiSO3Cl] leads, after
treatment with sodium methoxide, to the sodium
sulfonate form (PSSNa which is dissolved in DMF and
precipitated in the acidic form (PSS) with HCI. PSS and
PSSNa are only soluble in polar solvents as DMF,
DMSO (dimethy! sulfoxide), NMP, some hydrophilic
solvents. Sulfonation leading to a cationic exchange

capacity from 1 to 2.75 H'/kg is carried out. PSF is an
example of a polymer, converted to a polyelectrolyte
via functionalisation in the post polymerisation step.
The sulfonating agent trimethylsilylchlorsulfonate
(TMSCS) is chosen because it does not damage the
polymer chains [2). Usually the suffonation of PSF into
PSS is conducted to a moderate sulfonation degree,
based on the need of such kind of product for most
applications. We went beyond these initial
considerations taking into account the further chemical
modification of some sulfonic groups of PSS. So that
we have achieved a high sulfonation degree of 1.37
which means a partial sulfonation of the second benzene
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ring per monomer unit. More recently we have reported
[2] that this chemical modification is well controllable
under certain conditions.

Results and discussion

The importance of the sulfonation level in maximising
the membrane performance determines our intention to
summarise the data. It is evident that the plot of FT-IR

/'H NMR measurement coincides with that of the jonic
exchange capacity by acid-base titration (adapted in our
lab). Therefore, the titration method, introduced in this
work, seems to be precise and comparative to the
spectral methods. Also, the FT-IR-analysis and the new

acid-base titration technique are calibrated to the !H
NMR-method as an absolute one.

Conclusions '

PSS is characterised by means of NMR-, FT-IR-spectra,
acid-base titration, elementaly analysis, DSC and
conductivity. It is proposed a new way of sulfonation

degree calculation based on !H NMR data which is in
agreement to the existing procedure and to a new acid-
base titration technique, adapted by us. By elemental
analysis it is confirmed that its results are not
practicable in the case of PSS. It is confirmed that the
Ty is rising with the sulfonation level, but in specific
fashion, concerning the acid and the basic form of the

ionomers. ‘
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Introduction

Ten years ago we started an ab initio study, at the HF
level, on organic anions and their lithium salts, using
Gaussian 92 programs. Thus this comparative study,
performed on CF;SOj°, (CF:SO,),N', (CF;S0,),CH,
allowed us (i) to put into evidence the higher extent of
charge delocalization in imide anion (ii) to show that
imide is also the hardest anion [1]. Then a comparative
conformational  study  between  (CF;SO,),N’,
(CF3580,),CH evidenced the higher flexibility of imide
while the study of their lithium ion pairs shown that
both anions form a bidentate ion-pair [2].

Now, Density Functional Theory (DFT) which takes
into account all the electronic interactions is a useful
method to calculate electronic structure {3]. DFT
allows determining the electron density, the total
energy and the bond lengths. Recently used to study
salt solutions, i.e LiTFSI, LiASF; and lithium triflate
dissolved in oligo(oxyethylene) OOE [4] it shown that
OOE adopts an helix structure, 3 oxygens interacting
with Li*. From DFT studies [5] performed on solutions
of lithium salts in various glymes, 5 has been
suggested as an average coordination number. Other
studies dealt with Li* coordination by solvents based
on N, O and S heteroatoms [6]. We have synthesized
various salts which an oligo{oxyethylene) tail
CH,(OCH,CH,),0805Li" (called POEMSLi with n=2,
3, 7, 12, 16 and 42). Thus, these ionomers, in addition
to their ionic function, have also solvating ability.
Experimental

The structure of POEMSLi (n=3) has been determined
by X-ray diffraction. IR, 'H-NMR and *C-NMR have
been also performed. Ab initio calculations were
carried out, using Gaussian 98 programs. Geometry
were determined and optimized using DFT methods at
the B3LYP/6-31+G* level of theory.

The electrochemical stability investigation was
performed with a three-electrode configuration.
Stainless-steel and two lithium metallic foils were
respectively used as working, reference and auxiliary
electrodes,.

Results and discussion The crystal structure of
POEMSLi (n=3) is shown in figure 1. The cation
lithium is coordinated to five oxygen atoms: three of
oxyethylene unit, one of the sulfate group of the ligand
and an other one (02’) of the sulfate group of an other
POEMSLi ionomer which is not presented for clarity.
The optimized geometry determined by DFT is quite
similar.The optimized geometry determined by DFT is
quite similar.

OI-Li | 0511 | O6Li | O7-Li | 02Li
A (A) A) (6] (A

RX 1.93 2.10 211 2.14 1.94

DFT 1.99 2,22 2.06 2.06 2.03

Table 1: Bond tengths
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In the crystal O2 is coordinated with a lithium
belonging to another ionomer, leading to a kind of
polymeric chain.

Figure 1: Crystallographic structure of POEMSLI (n=3)
We have modelised by DFT only one ionomer. In this
case sulfate group rotate to allow the coordination of
the cation lithium by O1 and O2. This can explain the
difference between crystallographic structure and DFT
one. Ab initio can also be useful to construct a NMR
and IR spectrum. Those are in fair agreement with
experiments. We also intended to calculate the HOMO
value of the anion for different n in order to explain the
variation of the potential of oxidation which increases
from 4.4 to 4.6 V vs Li/Li* for n=2 to 7 and decreases
from4.6t0 4.1 V for n=7 to 42.
Conclusion
Modelisation may (i) predict lithium salt structures (ii)
explain electrochemical results. But the salts studied
reported here are oligomers making difficult the access
to the conformations..
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Abstract

Polymeric gel electrolytes have gained prominence in
Solid State Jonics rescarch over the years on account of
their increasing usages in various electrochemical
devices and as well as its ease of fabrication. In the
present work, an attempt has been made to synthesize
PMMA based proton conducting gel electrolytes with
two types of salts, namely, NH,SCN and
[(NH,CH,CO,),] and characterize them electrically. The
ionic conductivity of as synthesized gels assessed from
cole-cole plot reveal maximum conductivity of 2.8X107
Sem? and  7.7X10% Sem” for NHLSCN and
(NH,CH,COy), liquid electrolyte systems respectively
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which drops in general on addition of PMMA in the
matrix. Such a behavior has been correlated to increase
in viscosity of the electrolyte. The slight enhancement of
electrical conductivity observed at intérmediate
concentration (5-8wt %) has been attributed to
dissociation of jon aggregates. The temperature
dependence of gel electrolytes revealed VTF behavior
indicating liquid like transport of mobile carriers. The
present study suggests ammonium thiocyanate based
proton conducting gel electrolyte to be a better
electrolyte for usage in ECD and smart window
applications.
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Introduction

A direct methanol fuel cells (DMFCs) using polymer
electrolyte membranes are one of the most attractive
power sources due to the stable operation at a rarely low
temperature, the high energy generation yield and
energy density, the simplicity of system [1-4]. Most
DMFC research has concentrated on polymer
electrolyte membrane fuel cells (PEMFC) fed directly
with methanol [5]. The proton diffusion across the
membrane is associated with water transport in the
membrane and methanol is also transported to the
cathode by electro-osmotic drag. The methanol
transport, that is called as methanol crossover, decrease
in cell performance [6,7). Considerable effort has been
developed in order to reduce methanol crossover as well
as to reach high proton conductivity. Poly(viny!
alcohol) (FVA) membrane has been used in ethanol
dehydration to break the ethanol-water azeotrope
because it selectively passes water molecule over
ethanol or methanol [8-10]. The diffusion coefficient of
water soluble solutes and the ionic conductivity
through PVA membrane depends on membrane water
content [11,12], Hence, it is important to examine the
relationship between the methanol permeability and
proton conductivity of the membrane and its water
content.

In this study, we have prepared a cation-exchange
membrane by blending PVA and a polyanion changing
polyanion content. The membranes are crosslinked
physically in order to control their water content. The
ionic conductivity, mechanical strength and methanol
permeability of the membranes has been measured as a
function of the water content.

Experimental

PVA based cation-exchange membranes were prepred
by casting aqueous solutions of a mixture of
PVA[poly(vinyl alcohol), Aldrich] and a polyanion. The
weight percent of polyanion in dried membranes was
changed to control the charge densities of the cation-
exchanage membranes. The membaranes were annealed
at various temperatures for 20 min. to control their water
content.

The water content was measured as follows: a
membrane, weighted in the dry state, was immersed in
an jon-exchanged water at 25°C for 3 days. The
membrane was removed from the water, tapped with
filter paper to remove excess water on the membrane
surface, and was weighted in the wet state. The water
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content is given from the weights in the wet state, Ww,
and in the dry state, Wd, as:
= FW_Wd/10 M
T (Pw-Wd)1.0+Wd/1.3
where 1.0 and 1.3 are the densities of water and PVA.

The ionic conductivity at 23°C was determined by
impedance spectroscopy using a chemical impedance
meter (HIOKI 3532-80) controlled by a personal
computer,

The mechanical strength of the membranes was
determined with a table model-testing machine
(SHIMAZU, EZ-Test500N). In the static stress-strain
curves, specimens with a nominal 20-mm-gauge length
and 0.2-mm thickness were deformed in tension at a
constant strain rate of 10mm/min at 25°C, and stress-
strain data were determined to failure.

Results and discussion

The water content of the membranes increased with
the polyanion content because osmotic pressure in the
membranes increases with increasing the number of the
charged groups. The water content decreased with
increasing annealing temperature because the degree of
crystalinity in the PVA matrix increase with increasing
annealing temperature.

The ionic conductivity of the membranes increased
with polyanion content, and decreased with increasing
annealing temperature because the water content
increased with polyanion content, and decreased with
increasing annealing temperature. To examine the ionic
mobility in a gel membrane, many authors have
replaced the ionic mobility, ¢, , in eqn (2) with the

apparent one, &;, which is a function of both &, and

factors such as membrane geometry. The factors due
to membrane geometry are related to the mobility ratio
as[13,14]
LN, @
o @
where 6 is the tortuosity defined as a mean increase in
path length due to the obstruction of gel matrix; £ is the
void fraction defined as the ratio of the sum of the cross
sectional area of the paths to the membrane area.
Mackie and Meares [14] derived stochastically the
factor as a function of the water content, H, of a swollen
gel:

e=H,g27H 3
H

Equations (2) and (3) give the ionic mobility in the
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Introduction

DNA is known to have important roles in biological
systems, Since DNA has superior characteristics
besides the molecular memory, DNA has been studied
as new functional materials. We first made ion
conductive DNA films based on the ionic liquid
chemistry.! Since nucleic acid bases were
heteroaromatic rings, the bases were regarded as
starting materials for ionic liquid. Adenine and cytosine
became ionic liquid after neutralization with
bis(trifloromethanesulfonyl)imide (HTFSI). Nucleic
acid bases in DNA were also neutralized with HTFSI to
prepare successive ionic liquid domain. In this study,
ionic liquid domain was prepared along with DNA
chains by using their phosphate groups.

Experimental

Phosphoric acid di-n-butyl ester (PDE) was used as a
low molecular weight model. 1-Alkyl-3-
methylimidazolium (C,MI; n=2:C,MI, 4:CMI, 8:C4MI,
and 12: C;;MI) bromide salts were prepared by ordinary
procedure, and corresponding ionic liquids were
obtained after anion exchangée. Structure of these
samples was confirmed by 'H-NMR and FT-IR
spectroscopy.

Na-DNA isolated from salmon milt was the gifi
from Daiwa Kasei Co. C,MI-DNA was obtained by
cation exchange of Na-DNA. The structure of these
samples was confirmed by Raman and FT-IR
spectroscopy. lonic conductivity and thermal behavior
of all the obtained samples were calculated from
complex impedance plots with Solartron model 1260;
Schlumberger and DSC-120; SEIKO Instrument Inc.

Results and discussion

All the low molecular weight model salts (C,MI-PDEs)
were obtained as clear liquid. Higher ionic conductivity
was observed for these ionic liquids having shorter atkyl
chains. The highest ionic conductivity of 2.91x10*$
em™ at 30 °C was observed for C;MI-PDE. However,
longer alkyl chain of imidazolium cation was known to
show lower melting point and higher viscosity,? this
tendency was not found in our system.

Phosphate groups of DNA were then turned to
imidazolium salts. All the C,MI-DNAs were obtained
as white powder after freeze drying. These C,MI-
DNAs are soluble in methanol, suggesting efficient
cation exchange of DNAs. Flexible films were obtained
when these C,MI-DNAs methanol solutions were cast
and dried. Double strand structure of C,;MI-DNA was
confirmed by Raman spectroscopy. For FT-IR
spectroscopy, the band at 1230 cm’ due to P=O
stretching vibrations shifted to higher frequencies. This
strongly suggested that Na cation was substituted with

9th International Symposium on Polymer Electrolytes

bigger cation. However, high ionic conductivity was
not found in the bulk. To reslize higher ionic
conductivity, 5 wt% of l-ethyl-3-methyl imidazolium
BF, (EMIBF,) salt was added to C,MI-DNAs.
Temperature dependence on the ionic conductivity of
C,MI-DNA mixed with 5 wt% EMIBF, is shown in
Figure 1. CMI-DNA with shorter alkyl chain of
imidazolium cation showed higher ionic conductivity
like model systems. Since the ionic conductivity in
these cases was attributed to the migration of cations.
This tendency was well comprehensible to reflect the
cation structure. Furthermore, the ionic conductivity
data were analyzed using the Vogel-Fulcher-Tamman
(VFT) equation to confirm that the ion migration was

decoupled with the segmental motion of DNA.
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Fig.1 Temperature dependence on the ionic
conductivity of C,MI-DNA containing 5 wt% of
EMIBF,.

Conclusion

Imidazolium type jonic liquids were first prepared with
phosphoric acid di-n-butyl ester as low molecular
weight model compounds of DNA. The resulting salts
were all obtained as liquid. The highest ionic
conductivity of 2.91x10*S cm™ at 30 °C was observed
for C;MI-PDE. Then imidazolium cations were
introduced as the counter cations of the phosphate
groups of DNA. The ionic conductivity of C;MI-DNAs
was greatly improved by adding 5 wt% of EMIBF,.
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In this work the systems Poly(ethylene glycol)
400:Lithium trifalte (PEG400:LiTf) and
PEG400:MgTf, have been investigated, in the
concentration range 8<O/Li<526 with high frequency
(1 MHz-1.8GHz) impedance analysis and Differential
Scanning Calorimetry (DSC). The comparison of the
two systems help to outline a few characteristic of the
two electrolytes. The DSC measurements identifies the
range of concentration where the plasticising effect of
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Sweden

the salt prevents the crystalisation. The dielectric loss
of the both systems is consistent with the presence of
ion pairs and the value of the dielectric constant at the
lower frequencies is higher for the magnesium system.
This, in combination with the study of the ionic
conductivty versus concentration suggests a different
coordiantion for the magensium and lithium ions. A
simple model, based on molecular modelling and
molecular mechanics (MM2 force field), is proposed.
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Introduction

Attempts to develop novel polymer electrolytes for
application in lithium and lithium-ionic batteries with
high ionic conductivity and immobilizing anions were
based on various strategies. One of the solutions, for the
first time proposed by Angell et al. [1] are polymer-in-
salt type systems, in which it is assumed that due to
high ionic agglomeration the electric charge is
transported mainly involving lithium cations. Promotion
of a predominance of cation conduction can be achieved
also by the introduction of compounds, which act as
anion receptors [2]. In this work we studied the
application of various Lewis acids as agents reducing
the interionic interaction and mobility of the anions of
weakly dissociating lithium salts of carboxylates in a
polymer-in-salt system. An acrylonitrile (AN) and buty]
acrylate (BuA) copolymer was applied as the polymeric
matrix.

Experimental

Lithium carboxylates: CH;COOLi, CF;COOLi and
C,04Li; were obtained in the reaction of corresponding
acids with n-butyllithium. The isolated salts were
reacted with Lewis acids at an equimolar ratio. The salts
obtained were characterized by means of FTIR
spectroscopy and DSC analysis, and in the case of
lithium trifluoroacetate and boron trifluoride also by '*F
NMR spectroscopy. The membranes of electrolytes
were obtained by film casting from a solution in
acetonitrile with the molar ratio of Li* to AN
monomeric units in the poly(AN-co-BuA) matrix equal
1.2. Samples were investigated by DSC, FTIR and
impedance spectroscopy. Impedance spectra were
obtained over a frequency range of 10 — 10° Hz using
an Atlas 98HI analyzer.

Results and discussion
0
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Figure 1. Conductivity changes versus inverse
temperature of electrolytes comprising poly(AN-co-
BuA) and CFyCO,Li as well as its complexes with
various Lewis acids (Li* : CN mole ratio = 1,2:1)
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A varying effect of the Lewis acid addition on the
properties of the studied electrolytes depending on the
type of acid has been observed. Figure 1 shows the
conductivity of electrolytes comprising CF;COOLi and
such Lewis acids as: BF;, SbCls, SbFs and AICl;.
Similarly as for other carboxylates (Fig. 2), the best
results were obtained in the case of introducing BF; to
the system. Moreover, the electrolytes containing this
acid are characterized by high flexibility and adhesion
to the electrodes.
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Figure 2. Effect of the BF; addition on the conducting
properties  of electrolytes  containing  lithium
carboxylates and poly(AN-co-BuA 2:1).

Preliminary studies on the application of salts involving
Lewis acids in the preparation of gel electrolytes have
been carried out on the example of CF,COOLi and
BF;, using the AN and BuA copolymer as matrix and
propylene carbonate as solvent. A high-conducting
electrolyte was obtained, characterized by a slight effect
of temperature on ionic conductivity.
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The systems PEG 400- Li and K triflate (8<O/M<526 )
with different amount of water (up to 10% in weight)
have been studied with DSC in the range —120 to 90 °C
The plasticising anti-freezing and anti-crystalline
effects of water were maximal for O/M < 20, and for
the potassium system.

These water palsticised systems perhaps not interesting
lithium batteries can be important in electrochromic
devices where a protic solvent and some proton
conductivity is tolerate or even wanted.
Conductivity and dielectric properties in the range
1 MHz 1.8 GHz have been measured.

9th International Symposium on Polymer Electrolytes L153 -



. 154 - 9th International Symposium on Polymer Electrolytes




P OSTER

Electrochemical Synthesis of Polypyrrole in Ionic Liquida

Jennifer M. Pringle,' D. R. MacFarlane,> G. G. Wallace® and M. Forsyth'

(1) School of Physics and Materials Engineering (2) School of Chemistry, Monash University, Wellington Road,
Clayton, Victoria 3800, Australia. (3) University of Wollongong, Intelligent Polymer Research Institute, Northfields
Avenue, Wollongong, NSW 2522, Australia.
e-mail: jenny.pringle@spme.monash.edu.au, tel (+613) 9905 4535, fax (+613) 9905 4597

Introduction

Electrochemical polymerisation and cycling of
conducting polymers is traditionally performed in an
electrolyte/molecular solvent system. When the polymer
is oxidised in an appropriate electrolytic medium,
anions can enter the polymer from the solution to effect
charge balance. Recent work has suggested that in some
cases when conducting polymer films are oxidized and
reduced in an ionic liquid, the intercalation/de-
intercalation of cations rather than anions can occur.[1,
2} Use of ionic liquids in combination with conducting
polymers has recently started to attract some attention,
with promising results - films prepared in conventional
solvents but cycled in an ionic liquid show improved
actuator performance and significantly increased
lifetimes, to up to one million cycles.[3]

Ionic liquids are a new class of solvent composed
entirely of ions - typically a large organic cation and a
smaller inorganic anion - which have a number of
advantages over conventional solvents. They have a
wide liquid range and negligible vapour pressure, which
overcomes the problem of solvent evaporation that
exists with the long-term use of volatile solvents in
electrochemical applications. Of particular importance,
ionic liquids possess good electrical stability, with
electrochemical windows typically over 4V wide.

Experimental

Polypyrrole films were grown at either constant
potential (1V) or constant current (0.1 mA cm?), at
room temperature, using a stainless steel working
electrode, platinum gauze counter electrode and silver
pseudo-reference electrode, from a 0.1M pyrrole in
ionic liquid solution. The imidazolium and
pyrrolidinium ionic liquids were prepared using
published procedures. The phosphonium ionic liquids
were kindly donated by Cytec. The polypymole films
were ground with MgO and analysed in the solid state
using *'P MAS NMR and °C CPMAS NMR, using a
Bruker AM-300 MHz spectrometer.

Results and discussion

Here we report the use of ionic liquids as the growth
medium for the electrosynthesis of polypyrrole, as well
as their use as the supporting electrolyte for the
electrochemical cycling of the films. We also
investigate the influence that the nature of the ionic
liquid has on the growth and physical properties, such
as morphology and conductivity, of the films produced.
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Solid state NMR techniques have been used to study ion
intercalation/de-intercalation from the ionic liquids into
the polypyrrole films, both during growth and cycling,
and to assess how this varies with different ionic
liquids. )

Polypyrrole has been successfully prepared in different
ionic liquids utilising various combinations of cations
and anions such as those shown below:
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The nature of the ionic liquid used can have a
significant influence on the morphology; the more
viscous, less conductive N,N-butylmethylpyrrolidinium
bis(trifluoromethanesulfonyl) amide ionic liquid gives
smoother polypyrrole films than the 1-ethyl-3-
methylimidazolium analogue, which is consistent with a
slower growth rate.

Conclusions

Use of ionic liquids as the growth solvent for
polypyrrole can result in significantly improved
electrochemical  activities and smoother film
morphologies. ’
Preliminary solid state NMR analysis shows significant
incorporation of the imidazolium cation into the
polypyrrole films compared to negligible incorporation
of the pyrrolidinium species. Further, the phosphonium
cation appears to be incorporated into the film during
growth and remains in the film even after extended
oxidation or cycling in either the jonic lqiuid or a
molecular solvent system.
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Introduction

An electrochromic (EC) window is an active solar
control device whose transmittance in the visible and
near IR region of the spectrum can be reversibly
modulated with the application of a low voltage
(typically 3-5 Volt DC). Scientific research on these
devices has been pursued during the last 20 years, as
they can improve the comfort of people living or
working in residential buildings, and reduce cooling,
heating and ventilating loads.

A typical EC window is constituted by 5 different
layers™ : i) a transparent electronically conductive film
deposited on glass (usually ITO), ii) an electrochromic
film (generally WO, in contact with iii) an jon
conducting electrolyte containing a dissolved lithium
salt, iv) an ion storage layer (optional), and v) a second
transparent conductive film. Coloration is obtained by
migration of Li” to the active layer by application of the
voltage.

Most of research on electrolytes for EC windows
has focused on optimising the ionic conductivity in
order to facilitate a fast delivery of Li* to the active
layer. However, in this study we have focused our
efforts more on the interface stabilisation during the
coloration process. We have developed electrolytes
based on PEO-boronate ester polymers and different
lithium salts. The presence of boron was expected to
improve the dissociation of the salts and to stabilise the
interface between electrolyte and WO, layer.

Experimental

Syntheses of PEO-boronate ester polymers
(PBEP) were achieved under reflux of toluene with a
mixture of poly(ethylene glycol) (PEG), boron trioxide,
and either diethylene glycol monomethyl ether
(DEGMME) or triethylene glycol monomethyl ether
(TEGMME). In order to vary the structure of the
polymer formed, PEG with different molecular weights
were used. After reaction, toluene was removed by
evaporation under high vacuum at 60°C during 12
hours. The polymers were then handled in a glove box
under argon atmosphere (moisture content below 1.5
ppm).

Electrolytes were prepared by adding precise
volumes of a 20 wt % anhydrous solution of LiClO, in
dimethyl carbonate (DMC) to precise weights of each
polymer in order to obtain the desired salt
concentrations. DMC was subsequently removed by
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evaporation under high vacuum during 12 hours. The
electrolytes were named in the following way: BXY-Z
where B is boron, X is the molecular weight of PEG
used for synthesis, Y=T or D for TEGMME or
DEGMME, respectively, and Z represents the salt
concentration expressed as the ratio [EOJ:[Li].
Structural characterisation of the polymers was carried
out by NMR (‘H and '*C) and IR analysis.

Two electrolytes based on LiClO4 (8.6 and 10.6
wi% respectively), poly(methyl methacrylate) (PMMA,
7 wt%) and propylene carbonate (PC) were prepared as
reference material. Characterisation of polymers and
their electrolytes based on LiClO, was carried out by
DSC, thermal gravimetry and EIS measurements.

Results and discussion

Synthesis of PBEP from monohydroxy and dihy-
droxy functional poly(ethylene glycol) oligomers, and
boron trioxide led to transparent, uncoloured, rubbery
polymers. Due to the high density of branching of these
polymers (see Figure 1), most of them were amorphous.

Figure 1: Schematic representation of the branched
PBEP with boron (O) and PEO-like chains (* N\ ).

It appeared that the electrolytes were stable up
to at least 150°C and degradation due to the presence of
ClO; occurred above 280°C. Electrolytes prepared with
PEGs having the highest molecular weights (>300
g/mol) presented the highest conductivities but were not
suitable for use in EC device as they crystallised at low
temperature. The electrolytes based on B300T were
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selected as the most suitable ones because of their high
conductivity and transparency. At room temperature,
the conductivities of its electrolytes were at least 125
times lower than the one of the gel electrolyte based on
PMMA (see Figure 2).
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Figure 2: Arrhenius plots of the conductivity for
electrolytes based on LiClO, and the B300T polymer.
Also shown is the conductivity of the gel electrolyte
containing 10.6 wt% salt.

The optical and electrochemical properties of EC
devices prepared with electrolytes based on PEBP were
compared with PMMA gel electrolytes. The EC devices
incorporating the new boron-containing electrolytes
were found to have excellent optical characteristics with
extremely low luminous transmittance values in the
coloured state (below 0.5%) and contrast ratios which
reached 1:7700. This contrast ratio was 60 times higher
than the one obtained with the gel electrolyte containing
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10.6 wt% of LiClO4. The reason may be that a
stabilisation of the interface occurred and played a
major role in the coloration efficiency. Furthermore, the
EC devices presented a high open circuit memory. The
use of PC was found to play a dominant role in
shortening the lifetime of the devices, and solvent-free
systems were therefore chosen for further studies.

Conclusions

We have here presented a new approach to
improve the overall performances of EC devices. We
have shown that the ionic conductivity of electrolyte
was not the most important parameter to reach fast and
high coloration levels. Stabilisation, enhancement of
salt dissociation and partition between electrolyte and
WO, layer also played an important role. The inclusion
of a Lewis acid in the electrolytes seemed to enhance
these factors.
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Introduction

Electrorheological (ER) fluids usually consist
of dielectric particles suspended in a liquid of low
electric permittivity. In response to the electric field the
ER fluids solidify rapidly, or increase their viscosity.
Such a millisecond response of these fluids is a subject
of great interest because of many possible industrial
applications, especially in the automotive and aerospace
industries. It has been recognised that the drastic
increase of the viscosity of ER fluids is due to the
formation of particle chains that bridge the electrodes.
This process is greatly affected by polarisation
phenomena within the solid phase and at the surface of
the grains and also by the mobility of charge carriers
through the structure formed between electrodes in the
electric field. :
Experimental
In the present work, to examine relations between
properties of dispersed solid particles (electric
conductivity, type of mobile ion, grain size) of a set of
ER fluids and resulting shear viscosity, we studied
suspensions based on polyacrylonitrile doped with
different salts (lithium, sodium and potassium
thiocyanate, potassium perchlorate, lithium triflate and
tetrabutylammonium iodide) as the solid phase and
silicone oil (PDMS) as the liquid matrix.
Polyacrylonitrile is a linear polymer that contains polar
groups in the backbone and doping with salt
conveniently modifies its electric properties, especially
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the ionic conductivity. The conductivities of solids were
calculated from impedance spectra taken on pellets
pressed out of powder samples and films made of initial
solutions. In addition the samples were characterised by
means of FTIR spectrometry to find the nature of the
polymer - salt complex. The characterised powders
were then suspended in PDMS and their flow curves at
the presence of electric field were recorded.

Results and discussion

ER fluids contained polyacrylonitrile doped by different
salts showed Bingham-like behaviour upon the
application of electric field. The highest value of the
yield stress exhibited suspensions based on polymer
doped by thiocyanates. We also found that the
suspensions containing polyelectrolytes as a dispersed
phase exhibited low current densities in comparison to
the ER fluids based on other conductive polymers.
Conclusions

We noted that controlling the concentration and type of
salt permits to pget materials of different
electrorheological activity. The type of the counter ion
and doping level of the polymer had strong influence on
the electrorheological properties of the suspensions
studied. We also stated a non-linear relation between
concentration and the type of salt in the solid material
and the magnitude of ER effect. :
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Introduction

Typical  electrorheological (ER)  fluids
comprise fine solid particles of high dielectric
permittivity and moderate conductivity dispersed in an
inert insulating liquid. Under extemal electric field the
dispersed particles undergo polarisation and form larger
structures contributing to rapid changes of rheological
parameters of the system. In particular a significant
increase of apparent viscosity is observed. The
behaviour of an ER fluid is often approximated by the
Bingham model with a clearly marked yield stress.
There is also another group of ER fluids of
homogeneous nature consisting of solutions of liquid
crystalline polymers. In this case a strong increase of
viscosity upon application of external electric field is
also observed but the character of the fluids is
Newtonian with no yield stress observed.

One of the most important factors hindering
technical application of ER fluids is their low value of
yield stress under electric field. We believe that a
considerable improvement can be obtained by replacing
the inert matrix of an ER suspension with a liquid
crystalline solution. As the dispersed solid phase we
chose powdered polymer electrolyte. For comparison
we measured the ER behaviour of the polymer
electrolyte powder dispersed in inert silicone oil as well
as homogeneous solution of a polymer liquid crystal,
Experimental

The polymer electrolyte powders were
obtained from polyacrylonitryle (PAN) doped with four
different salts: potassium perchlorate, potassium
thiocyanate, lithium triflate and tetrabutylammonium
iodide, in concentration range of 5% - 20% m/m. The
lyotropic liquid crystal — poly(hexyl isocyanate) (PHIC)
dissolved in xylene was chosen as the active liquid
matrix.

The prepared samples of the polymer
electrolytes were first characterised by means of FTIR
and impedance spectrometry. Then, rheological
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measurements under electric field were performed.
First, the xylene solutions of PHIC at concentrations
3,5%-35% m/m were characterised without any
suspended powder. In parallel the flow curves were
recorded for 15% m/m suspensions of doped PAN
samples in poly(dimethyl siloxane). Finally, the ER
properties of the doped PAN powders dispersed in the
xylene solutions of PHIC were studied.
Results and discussion

We have observed that the viscosity of the
PAN powders in the PHIC solution increases
considerably upon application of electric field
exhibiting a strong ER effect. The obtained flow curves
were of Bingham type. Comparison of these results with
the data of PAN in silicone oil and pure PHIC solution
shows that the viscosity increase of the hybrid fluid is
bigger that the sum of the effects measured for the two
latter fluids. In some experiments we recorded the
fivefold increase of the viscosity as compared with the
sum of the effects characteristic of the separately treated
samples. The particularly high enhancement was
recorded for the sample of PAN doped with 5% of
lithium triflate at 2 kV/mm and the shear rate of 450 Hz.
However, at low fields (about 0,3 kV/mm) some
decrease of the ER fluid viscosity was observed
resulting probably from instability of the polymer
electrolytes in electric fields.

Conclusions

It was found that the hybrid ER fluids
comprising doped PAN polymer electrolytes and PHIC
based lyotropic liquid crystalline matrix exhibited a
strong ER phenomenon whose magnitude was
considerably enhanced in comparison with both ER
active components measured separately. Therefore, a
clear synergetic effect was observed.
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Introduction

In the past two decades, there have been several
approaches to the development of flexible solid organic
ionic electrolytes. The present work focuses on polymer
ionic liquid mixtures [1], as this route offers flexibility
of polymer choice to tailor mechanical and optical
properties  (outside the traditional range of
polyetheroxides PEOs and other rubbery EO containing
polymers) as well as the ability to tailor miscibility with
the ionic liquid for maximum conductivity, In this work
we examine mixtures of 1-ethyl-3methyl-imidazolium
bis(trifluoromethylsutfonyl) imide (EMITFSI) with
methylmethacrylate (MMA). EMITFSI is an ionic
liquid at room temperature with conductivity of 10? §

cm! and Tg of -87°C.  Polymethylmethacrylate '

(PMMA) is a tough, transparent glassy polymer with a
Tg of 120°C and a large sub-Tg secondary B transition
region, in the temperature range -15°C to 60°C, that is
regarded as responsible for its toughness.

The interaction (or miscibility) between the
MMA groups and the ionic liquid may be important to
both the mechancial as well as transport properties of
these electrolytes.  One method of studying the
interaction between MMA and EMITFSI is via
examination of the free volume that influences both the
chain mobility and the ion mobility. In the present
work we measured free volume using using positron
annihilation lifetime spectroscopy (PALS) in order to
investigate whether creation of accessible free volume
via interaction of the ionic liquid and polymer phases
could lead to improvement in electrolyte performance.

Measurement of the ortho-Positronium (oPs)
accessible free volume in in polyurethane-lithium
perchlorate electrolytes using PALS has established the
correlation between the oPs accessible volume and ionic
conductivity (o). The relative free volume element size
is calculated from the oPs lifetime (t.p,) and the relative
number of free volume elements from the intensity
(Ieps). Concentration of salt and plasticizer [2] as well as
variable temperature [3] have been used to vary the free
volume and transport properties in these polymer
electrolytes, and these results show a strong correlation
between oPs accessible volume and log(c), supporting
the notion that free volume mitigates the mobility of
ions in molecular solid electrolytes [4].

Experimental

Samples were prepared by in-situ  radical
polymerization of deoxidized MMA, ethylene glycol
dimethacrylate (EGDMA, 2 mol% based on MMA) and
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benzoyl peroxide, (2 mol% based on MMA) as an
initiator, dissolved in EMITFSI. The mixtures were
heated between glass plates for 24 h at 80°C and post
cured at 140°C. Salt concentration is given by the
normalized ratio (EMITFSI/MMA=mol/mol). The
PALS measurements were made at ambient temperature
(22°C) in dry nitrogen. :

Results and discussion

Figure 1 shows the increase in 1., and free volume
element size as a function of molar ratio
EMITFSI:MMA. As this molar ratio increases, the free
volume increases and the Tg decreases as PMMA
becomes more plasticized.  These results can be
compared to the increase in conductivity of 2 orders of
magnitude over this range.
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Figure 1 Lifetime of oPs (t.ps) and free volume
element diameter as a function of salt concentration.

Conclusions

The free volume elements available to assist ion
mobility increase in diameter by 1.7 A as PMMA is
plasticized by EMITFSI. Future work examines the
effect of the sub-Tg mobility of the polymer on the
ionic mobility of the ion gel.
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The aim of this study was the dielectric characterisation of
purc polymers. Through the impedance spectroscopy
measurement of the samples the real permittivity and
imaginary permittivity development was observed.

The mcasurement on the purc polymers revealed
interesting results about the dynamics of the polymers.
The plot of real permittivity versus frequency showed that
P(EG) has the highest value at all frequencies, suggesting
that the two end-groups are dominant, where as the bulky
P(PG) has a lower value, which can be explained by its
randomly oriented polymer chain. The effect of the
polarity of the end-groups is probably very important in
the determination of the real permittivity at low
frequencies. This effect becomes less important at higher
frequencies, where the relaxation mechanism of the
polymer arc likely responsible for the drop in the value of
€’. Observing the curve of the semi-decapped copolymer
P(EPG) this can be only underlined as this curves
intersects the curve of P(PG), having a lower value below

PIEG]. PIPG] and PEPG) RexParmitvity va. Frequency

Resl Pormbtivey &
=5

Feequency v (H2)

Figure Btad! W dokumencie nie ma tekstu o podanym
stylu-1 The real permittivity of the pure polymers
plotted against frequency
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100 MHz and a higher value above. So, the fact that the
copolymer is semi-decapped dominates its behaviour at
low frequencics but becomes — relatively — unimportant at
higher frequencics. The plot of the imaginary permittivity
of the threc pure polymers showed that P(EG) and
P(EPG) have very similar dynamics, both differing
immensely from P(PG). The maximum of the dielectric
loss, corresponding to the polymer relaxation, lies around
1 GHz for P(EG) and P(EPG), and aréund 200 MHz for
P(PG). This can be attributed to the fact that the methy!
groups of the P(PG) chain hinder the dynamics.

The fact that P(PG) systems are not as useful as the other
two systems has been observed and explained. The
copolymer P(EPG) and P(EG) show a similar behaviour
and explanation for this was also provided. The
copolymer has been tested to have a good performance
and a high durability in electro-chromic devices and it can
thercfore be concluded that the use of the copolymer
system in electro-chromic devices is recommended.
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Figure Blad! W dokumencie nie ma tckstu o podanym
stylu-2 The imaginary permittivity of the pure
polymers plotted against frequency
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Introduction

During the PEMFC working, the cell temperature and
the humidity membrane are prone to great variations
[1]. The polyelectrolytes use is thus related to a precise
knowledge of ionic conduction properties under these
various conditions [2, 3]. It appeared fundamental to
develop a study system. New conductivity measuring
cells were designed in order to ensure an optimal
control of the geometrical factors. These cells are
placed in a climatic chamber allowing the work
temperature control as well as relative humidity (RH).
The membrane resistance measurements are free from
the polarization phenomena by using electrochemical
spectroscopy impedance [4). Several samples are
successively analyzed using a multiplexer and a
homemade software. This automated measurements
system allows many samples characterization under
comparable and wide climatic  conditions
variationsExperimental

The following diagram represents the system synoptic
view. The spectra are acquired automatically and the
climatic conditions are programming simultaneously.

i

Frequency
analyser
HP 4192A

Climatic chamber

VOTSCH VC4018
samples Multiplexer
B Agilent 34970A

We work between S Hz and 13 MHz. The whole system
blank spectrum (multiplexer, frequency analyzer, cell)
is modelled by a resistance and an inductance in series,
this is the blank. We can thus, with an experimental
spectrum go up with the symmetrical system spectrum
(blocking electrode/ membrane/ blocking electrode).
This corrected spectrum in obtained by subtraction of
the blank to the experimental spectrum. The resistance
Re obtained to the imaginary part maximum (see in the
following figure), in many cases, allows calculating the
conductivity. This follow Re is obtained to 1,25 MHz.
This is an intrinsic value of a system
polyelectrolyte/membrane taking form/climatic
conditions. The two gold electrodes with 2 millimetres
diameter are aligned with a very good accuracy.

9th International Symposium on Polymer Electrolytes

Results and discussion

This spectrum is obtained after the sample stabilization,
Besides automation allows following this stabilization
without constraint.

=250

-Im Z/ohms [\

“250 ° 250 500
Re Z/ohms

Corrected with the positive maximum (Max) and expcrimental spectra
of Nafion® 117 at point (20°C; 98%RH)

Thus we have a well-adapted tool to this long
measurements kind. Such a system is also justified by
the very long settling times in particular with respect to
the relative humidity. During a 10%RH decrease this
time can reach several days for the complete
stabilization! We made Nafion®117 measurements on
the working square (10°C to 95°C, 10%RH to
100%RH). :

Conclusions

The whole automated system allows (i) a great
measuring accuracy, (ii) more significant campaigns in
a broad climatic range and thus more supported
comparisons. In addition, the polyelectrolytes are not
compared at only one (T, RH) working point which
might lead to hasty conclusions.

Despite our measurements have an error close to 20%;

such a system enables precise comparative
measurements between electrolytes.
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Introduction

It is well known that the degree of crystallinity of a
polymer electrolyte has significant influence on ionic
conductivity. Recently, we have studied the effects of
inhomogeneity on impedance spectra, pointing out a
possibility to relate elements of the equivalent circuit to
different phases of the semi-crystalline polymer [1].
Melting and growth of crystalline structures in PEO
based electrolytes is visible in a polarizing microscope.
Here we present results of investigation combining in-
situ polarizing microscope and impedance spectroscopy
aimed at establishing direct relation  between
morphological features and electrical properties of a
polymer electrolyte.

Experimental

A custom measurement cell and heating/cooling
apparatus was build, allowing heating and cooling
between ~20°C and 150°C. The samples were placed
between two ITO pglasses in air-tight cell. Pristine
polycthylenc oxide and PEO with various amount of
lithium salt LiN(CF;S0;), were investigated. Impedance
was measured with Novocontrol Alpha-N diclectric
analyzer in frequency range 107 to 107 Hz. The spectra
were fitted with an equivalent circuit, describing multi-
phase electrolyte and electrodes.

Results

The study was focused on comrelation between
morphology and electrical properties (mainly jonic
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conductivity) of electrolytes with different polymer to
salt ratio during crystallization and melting processes.
Isothermal as well as non-isothermal experiments were
carricd out.

In Fig 1, time dependence of conductivity obtained from
impedance spectra is presented for the sample of
PEO:LIiTFSI 6:1 isothcrmally crystallized from rapidly
cooled melt at 20°C. For selected stages of
crystallization, polarizing microscope photographs arc -
shown. After initial phase of spherulite nucleation and
growth (A, B), the growth of spherulites appears to be
completed at stage C, after which no significant changes
of optical picture were recorded (D). In the same period,
electrical conductivity shows continuous decrease with
time. It scems that closing of conductivity pathways
through amorphous polymer in later stage of
crystallization has much more impact on ionic
conductivity than the growth of spherulites. During
crystallization, the impcdance spectra undergo significant
changes. Inhomogencity of the semi-crystalline
electrolyte causes conductivity dispersion, which is,
however, differently manifested between electrolytes
with various polymer to salt ratios.
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Introduction

Organic-inorganic hybrids based on the intercalation of a
polymer into layered inorganic matrices have receive
much attention, among others because its potential as
electrolyte or electrode materials in electrochemical
devices. Properties of these products, like its mechanical
stability and the possibility of forming robust films
frequently with high anisotropy degree, are in generally
much appreciated. Most studies in these field are related
to poly(ethylene oxide). The preparation of well
characterized products arising from the intercalation of
other polymers, which are also relevant as polymers
electrolytes like poly(acrilonitrile), has been rare until
now. In this work we describe the synthesis and primary
characterization of ther interclation of PAN into a
montmorillonite clay, the bentonite.

Experimental

0.057 g polyacrylonitrile power (Aldrich, Mw 140.000),
dissolved in 10 m! PC/EC (Aldrich) 1:1 (v/v) mixture by
stirring vigorous during 3 h at 70 °C, was added to a
suspension of Na-bentonite (Sigma, < 2um, cec ca 100
meq/100) and stirred during 48 h at 70 °C in the same
solvent. The product was separated by centrifugation and
washed three times with PC and absolute ethanol, and
finaly dried under vacuum. Analysis: exp. [calc. for
Nag.47(Al} ssFeo.17Mgo25)(Alo.228i3.78010{(OH), (PAN), s
‘H,0]: C: 10.09 (10.2); N: 4.54 (3.97) ; H: 1.34 (1.30).

Results and discussion

The treatment of a suspension of the bentonite in
mixture of ethylene carbonate (EC)-propylene carbonate
(PC) with a solution of PAN in the same solvent leads to
a single lamellar phase. As observed in the
difractogramm reproduced in Figure 1, where two 00/
brag reflections may be appreciated, the interlaminar
distance is about 22 A. The elemental analysis of the
product indicates an intercalation degree of about 1.25
mol of the PAN monomer per [Si,Al], unit of the clay.
The amount of water intercalated in the product
corresponds aproximately to two H,0 molecules per mol
sodium ion.

In the synthesis, the selection of the solvent used in the
intercalation is crucial. Indeed, when recognized, wetl
PAN  solvents like  dimethylsulphoxide or
dimethylformamide were wused, not any PAN
intercalation could be observed. Reactions taking
benzene as solvent, used succesfully for intercalating
PAN into molybdenum disulfide, also failed in the case
of the clay. Apparently, this intercalation is only possible

9th International Symposium on Polymer Electrolytes

in solvents with moderate donor ability like the organic
carbonates (DN about 15). In the intercalation

. mechanism the competence of the solvent and the

polymer for solvating the clay interchangeable cations
appear to be important.

Figure 1. X-ray diffraction patterns of intercalation
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products of PAN in bentonite.

Observed stoichiometry indicates an intercalation degree
which is lower than that corresponding to available
interlaminar suface. That, in addition to the rather large
interlaminar distance observed in the intercalate, 12 A,
suggests that PAN, together with intercalated water, is
involved the coordination sphere of the Na* clay
contrajons.

Conclusions

The intercalation of polyacrylonitrile into bentonite is
possible only using the polymer solution in a solvent
with medium donor activity. This effect may be
understand considering the role of PAN in the
coordination of the exchangeable cations located in the
interlaminar space of the clay.
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Introduction

The change in the electrical properties of polymer
membranes based on poly (vinyl alcohol) (PVOH) and
potassium hydroxide (KOH) have been investigated as a
function of the environment relative humidity (RH%)
and temperature. The membranes have been
characterized by electrical conductivity (using
impedance spectroscopy) and thermal measurements
(using differential scanning calorimetry (DSC) and
thermogravimetric analysis). It has been found that the
temperature dependence of the ionic conductivity
(keeping constant the relative humidity) follows an
Arrhenius—type behavior associated with the ion
transport mechanism in water swollen polymer films. A
treatment of the experimental data is used [1] to explain
the conductivity trend as a function of RH% based on
the Onsager equation valid for electrolytic solutions.
The equation has been applied to the relevant
parameters of the polymer membranes and it describes
change in its conductivity as a function of its water
content satisfactorily.

Experimental

A series of alkaline solid electrolyte membranes based
on poly(vinyl alcohol) (PVOH), potassium hydroxide
(KOH) and water (H,0) have been prepared by the cast
technique. The thermal analysis has been done with a
modulated differential calorimeter, TA Instruments
MDSC 292 and a microbalance TGA 2050; impedance
spectroscopy has been done with a LCR meter HP
4174A. The measurements have also been done as a
function of the relative humidity (RH%) .

Results and discussion

A sigmoidal shape has been obtained for the ¢ vs.
RH% plots. To test this conductivity trend of the
investigated system as a function of the environmental
humidity, we have used the modified Onsager
equation:

o =0, ~[(@c, (CTY"* +®'/CT)"?] 1)
whereby the capacity (C) of the material is viewed to
depend on RH%. InEq. (1) o, is the limiting value of
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o, a”and b’ are constants which depend on the total
mobile ion concentration and the material mechanical
properties. For a sample with salt/polymer content of
x=0.14 and at 285 K, the best fitting parameters are
¢,=18 x 102 (Q.cm)” that corresponds to 100 % of
relative humidity, a° = -2.05 x 10* (F K)*? and
b’ =1.86x 10° (F K)"*(Qem)”. For other salt content
in presence of environmental humidity and changing the
temperature between 253 and 301 K, conductivities
between approximately 10? and 10”'(Qcm)” have been
obtained.

The thermal and transport results are explained in terms
of the plastification effects of water on the polymer and
the presence of a separated phase KOH/H,O in the
polymer.

Conclusions

The results point to a separate liquid-like phase with
KOH/H,0 composition from polymeric phase with
composition PVOH/KOH/H,O phase. The plasti-
fication of PVOH by the water and salt content in the
polymeric phase is clearly shown since the glass
transition temperature (T,) is greatly decreased. The
li